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Proper coordination between the cell division and the differentiation is 
essential during the development of organisms. The cell-cycle machinery 
determines during the G1 phase, whether a cell differentiates or continues 
dividing to achieve this coordination. Many components of the cell cycle active 
in G1 can act directly on differentiation factors. Among these cell-cycle 
components highlights the E3 ubiquitin ligase APC/CCdh1 due to its emergent 
role in the degradation of several differentiation factors. 
Caenorhabditis elegans constitutes and excellent system to study the 
possible roles of APC/CCdh1/FZR-1 beyond cell cycle. Previous results from our 
laboratory demonstrated that APC/CFZR-1 sends to degradation the histone 
methyltransferase (HMT) MES-4. In this thesis, we have discovered that MES-
3, a subunit of HMT Polycomb, is also targeted by APC/CFZR-1. We have 
observed that the low fertility levels associated with a version of MES-3 not 
recognizable by APC/CFZR-1 are counteracted in combination with a version of 
MES-4 not degraded through APC/CFZR-1. The post-translational and 
simultaneous regulation of MES-4 and MES-3 through APC/CFZR-1 constitutes a 
critical mechanism to ensure germline functionality. 
On the other hand, we have explored the role of APC/CFZR-1 during C. 
elegans development. We have obtained the first null-allele of fzr-1 described 
so far. APC/CFZR-1 participates in the development of the somatic gonad, an 
organ that supports germline development. Specifically, APC/CFZR-1 is 
necessary for the production of the Distal tip Cell (DTC), a stem-cell niche that 
maintains a pool of germ cells and leads the outgrowth of the gonad, Absence 
of FZR-1 makes that cells committed to being DTCs, acquire the SS precursor 
fate of sister cells. However, an allele of fzr-1 supposed to be constitutively 
active yields extra DTCs. Both results suggest that APC/CFZR-1 is part of a 
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1.1. Development, an interplay between cell division and 
differentiation 
Development from a single cell into a complex multicellular organism 
constitutes a paradigm of biological organization. From a cell to give rise a 
multicellular organism, waves of cell division, and subsequent differentiation are 
needed. Therefore, correct development is only possible if division and 
differentiation are strictly controlled and coordinated. Alterations in cell division 
and differentiation lead to a plethora of diseases, including cancer (reviewed in 
(Boward et al., 2016). 
Cell division is the process in which a cell gives rise to two daughter cells 
and is tightly regulated by the cell-cycle machinery. Cell cycle ensures that cells 
had duplicated their components before division has taken place. DNA 
replication, regarded as the central duplication event, occurs during S phase 
(from "synthesis"). Cell division itself happens along with mitosis. Between the 
mitosis and S phase, there are two more phases, G1 and G2 (from "gap"). 
During G1 phase, cell senses external signals and decides if it divides or not, 
while internal inputs are analyzed in G2, checking that all intracellular 
components have been duplicated before entering mitosis. All these steps are 
promoted by the activity of Cyclin-dependent kinases (Cdk), which are 
associated with different partners of cyclins to form the CDK/cyclin complex 
(Nurse et al., 1976). The phosphorylation of key targets makes cells to move 
from phase to phase, completing a cell cycle round. Moreover, cell cycle 
proceeds in one single direction because CDK-dependent phosphorylations 
trigger irreversible events, including protein degradation (Swaffer et al., 2016). 
In lower eukaryotes, like fungi, a single catalytic Cdk subunit associates with 
different cyclins to promote the distinct cell cycle phases. In multicellular 
organisms, different catalytic subunits play distinct roles in the different cell 







1.2. G1 phase offers a window opportunity to cell fate 
commitment 
During development, cell cycle is far from being a fixed program, and 
actually it varies from pluripotent to differentiated cells (Fig. 1). Early in 
development, pluripotent cells, such as embryonic stem cells, follow rapid 
rounds of division. They alternate between M and S phases separated by short 
G1 and G2 phases. As pluripotent cells committed differentiation along with 
development, their G1 and G2 phases lengthen (reviewed in (White & Dalton, 
2005). In this regard, length of the G1 phase seems to be an important feature 
of differentiating cells. Several independent factors converge to establish G1 
phase as an ‘opportunity window’ to differentiate (reviewed in (Dalton, 2015) 
(Fig. 1). The central observation driving this concept is that G1 cells respond to 
specification signals more rapidly than do cells at other cell cycle positions. G1 
cells are more sensitive to external cues, like growth or differentiation factors. 
The reasons for this behavior are not entirely clear. Although speculative, it is 
feasible that transcriptional programs linked to cell differentiation can be rapidly 
reset following exit from M phase (Singh et al., 2013). The transition from M 
phase to G1 is associated with dramatic changes in nuclear architecture. Major 
genomic events occur during nuclear envelope reconstitution after mitosis, 
making developmental genes prone to be transcribed in G1. These include 
chromosome rearrangements, changes in epigenetic modifications, induction of 
DNA loops that bring together enhancers and promoters, thus facilitating 
transcription. Furthermore, transcription factors bind to developmental genes 
exclusively in G1. In summary, in the presence of pro-differentiation signals, G1 
phase would potentially establish a favorable epigenetic and nuclear 
architectural environment that allows developmental programs to be activated 






Figure 1. Cell cycle and differentiation are tightly coordinated. Cell cycle is composed of four phases: 
G1 (‘Gap 1’), S (‘Synthesis’ of DNA), G2 (‘Gap 2’) and M (‘Mitosis’). Early in development, pluripotent cells 
follow rounds of division in which S phase and M phase alternate after short Gap phases. Later on, cells 
committed to differentiate, alter their cell cycle due to lengthening of mainly, G1 phase, that is considered 
as a ‘opportunity window’ to differentiate. Many factors contribute to activate developmental genes 
specifically during G1: loading of transcription factors, epigenetic modifications and chromosome 
reorganization over developmental genes. Adapted from (Dalton, 2015).  
In agreement with the role of G1 phase as an ‘opportunity window’ to fate 
commitment, differentiation programs force cells committed to differentiated to 
lock into G1 phase. These differentiation programs, responding to differentiation 
cues, are able to arrest cells by activating natural brakes that control the 
transition from G1 to S phase. There are three major groups of inhibitors of 
G1/S transition operating at G1 (Fig. 2). The first one is the Retinoblastoma 
protein (pRb). This protein binds to and inhibits the E2F-DP complex. E2F-DP, 
is a transcription factor required for the synthesis of factors involved in the S 
phase, mainly DNA replication proteins as well as S-phase Cyclin E. By keeping 
E2F-DP inactivated, pRb prevented the progression through cell cycle (Geng et 
al., 1996). In addition, pRb is part of a chromatin modifier complex called 
DREAM, that resulted in a strong gene-silencing activity (reviewed in 
(Sadasivam & DeCaprio, 2013)). pRb is negatively controlled by 
phosphorylation by the Cdk4/6-Cyclin D complex (Schade et al., 2019). 
A second group of negative regulators of G1/S transition is composed of 
CDK inhibitors (CKI) (Fig. 2). These proteins directly bind to CDK complexes 
restricting its ability to phosphorylate their substrates. Two different families of 
CKI counteract CDK activity. The first group, the INK4 family, interacts with 
Cdk4/6-Cyclin D and therefore indirectly activated the pRb protein (Lukas et al., 




Cyclin E complex, which is the CDK that triggers S phase (Harper et al., 1993, 
Lee et al., 1995, Polyak et al., 1994). As it happens with pRb, these CKIs are 
negatively regulated by phosphorylation by CDK complexes (Sheaff et al., 
1997), resulting in the recognition by specific ubiquitin ligases complexes and 
its posterior degradation by the proteasome. 
E3 ubiquitin ligases, which send proteins for proteasomal degradation, 
encompassed a third group of cell cycle inhibitors also participating in G1/S 
transition, making the scheme more complex (reviewed in (Rizzardi & Cook, 
2012) (Fig. 2). There are two main groups of ubiquitin ligase complexes with 
distinct roles during G1/S progression. By one side, the SCF complex 
(composed of Skp1, Cullin, and F-box factor), which depending on its 
components, acts as a G1/S promoter or inhibitor. For instance, if complexed 
with Skp2, it was involved in the degradation of CIP/KIP members, while SCF 
complexed with Fbw7 targets Cyclin E (Koepp et al., 2001). A second E3 
ubiquitin ligase, Anaphase-Promoting Complex or cyclosome (APC/C) with its 
co-activator Cdh1, negatively impinges on G1/S transition counteracting the 
CIP/KIP degradation by targeting Skp2 (Bashir et al., 2004).  
 
 
Figure 2. Regulation of G1/S transition. A complex network of cell cycle components determines if a cell 
starts a new round of division or remains quiescent in G1. Blue and red lines indicate reactions that 






1.3. G1 associated E3 ubiquitin ligase APCCdh1 participates 
in differentiation and developmental processes 
APC/C is a major E3 ubiquitin ligase involved in cell cycle regulation. 
Structurally, APC/C is a highly conserved complex of 15 to 17 subunits, 
depending on the organism. APC/C is divided into two subcomplexes held 
together by the scaffolding subunit, Apc1. The first of these subcomplexes 
attaches the substrate and the co-activator subunits, Cdc20 and Cdh1. These 
interactions involve some subunits carrying tetratricopeptide repeats, classical 
protein motives that participates in protein-protein interaction. The second 
subcomplex, which binds the E2 enzyme, consists of two subunits, Apc2, 
related to cullin proteins, and Apc11, the RING-finger protein (Thornton et al., 
2006).  
APC/C targets many proteins using its co-activators, Ccd20 and Cdh1, to 
achieve this task. These co-activators provide substrate-recognition specificity 
to APC/C. Also, the distinct regulation of these co-activators along the cell cycle 
is responsible of the timely activity of APC/C. Cdc20 is synthesized at the end of 
G2 phase, and it is degraded at the end of mitosis. In addition, the APC/C 
complex has to be previously phosphorylated at the beginning of mitosis by 
mitotic CDK in order to be able to bind Cdc20 (Kraft et al., 2003, Rudner et al., 
2000, Rudner & Murray, 2000). Altogether, these controls restrict the activity of 
APC/CCdc20 to mitosis. In contrast, APC/C associated to Cdh1 is only active at 
the end of mitosis and early G1 phase, despite Cdh1 is present through all 
phases of cell cycle. However, along the major part of the cell cycle, Cdh1 is 
phosphorylated at multiple sites by CDK, impeding its interaction with APC/C. 
Only when the overall CDK activity dramatically decreases during late mitosis 
and early G1 phase, non-phosphorylated Cdh1 accumulated and binds to 
APC/C (Blanco et al., 2000, Kitamura et al., 1998). Furthermore, Cdh1 is 
inhibited by the specific repressor Emi1 in some systems (Miller et al., 2006).  
The distinct regulation of APC/C co-activators reflects their roles during 
the cell cycle. APC/C, when complexed with the co-activator Cdc20, acts as an 
essential trigger of the chromatid separation and mitotic exit through 
degradation of Securin and mitotic cyclins, respectively (Cohen-Fix et al., 1996, 




in cell cycle is more diffuse. Because its negative regulation by CDK, the 
APC/CCdh1 complex is not formed until end of mitosis, when APC/CCdc20 triggers 
the destruction of all mitotic cyclins, resulting in disabled CDK, and leading to 
accumulation of dephosphorylated Cdh1 and, as a consequence, its binding to 
APC/C. Among the first substrates to be degraded by APC/CCdh1 is Cdc20. In 
addition, APC/CCdh1 produces a robust mitotic exit through continuous 
degradation of cyclins and Skp2 (which as it was mentioned above, it was 
involved in the degradation of CKIs). All these events facilitate that cells exiting 
mitosis were retained in G1 phase. Inactivation of Cdh1 shortens G1 phase 
and, thus, results in premature entry into S phase, which causes DNA damage 
(García-Higuera et al., 2008, Sigl et al., 2009). Also, the absence of Cdh1 
resulted in lack of G1 arrest when cells were deprived of nutrients or mitogens 
or exposed to antimitotic signals (Castillo-Lluva et al., 2004). 
The ability of APC/CCdh1 to retain cells in G1 phase, also allows them to 
enter G0, a special phase where the cell has ceased mitotic division and keeps 
quiescent with non-replicated genome DNA. The G0 phase is a previous step to 
many differentiation programs, and because that, APC/CCdh1 has been 
considered as an important driver of differentiation in many cell types (Cappell 
et al., 2016). Several studies done in lower eukaryotes supported the role of 
APC/CCdh1 in developmental processes by its role elongating G1 phase length. 
Yeasts, in response to lack of nutrients, elongated its G1 phase enabling the 
activation of alternative developmental programs consisting in activation of 
mating, sporulation or virulence processes. In three distinct systems, 
Saccharomyces cerevisiae, Schizosaccharomyces pombe and Ustilago maydis, 
ablation of Cdh1 homologs (Cdh1/Hct1, Srw1/Ste9, and Cru1, respectively) 
leads to shortened G1 phase and as a consequence, defects in mating, 
sporulation and virulence (Castillo-Lluva et al., 2004, Kitamura et al., 1998, 
Schwab et al., 1997, Yamaguchi et al., 1997). In higher eukaryotes, the role of 
APC/CCdh1 participating in developmental decisions by promoting G1/G0 phase, 
have also been supported by different studies, mainly during mammalian 
neurogenesis. These reports suggest a model in which APC/CCdh1 induces the 
differentiation of neural progenitors by extending G1 phase. However, it seems 
that the role of APC/CCdh1 during differentiation in multicellular organisms is 




phase. There are many examples of APC/CCdh1 acting in developmental 
decisions aside of cell cycle. 
 APC/CCdh1 influences cellular differentiation by directly targeting various 
cell-specific transcription factors and their regulators for degradation. For 
instance, during myogenesis in mouse, APC/CCdh1 targets Myf5, a basic helix-
loop-helix (bHLH) transcription factor that inhibits the myogenic fusion during 
differentiation into multinucleated muscle fibers (Li et al., 2007). In mammalian 
neurons, APC/CCdh1 targets the bLHL inhibitor Id2, to regulate neuronal 
morphology and activity (Lasorella et al., 2006). Also, it has been paradigmatic 
the discovery that APC/CCdh1 targeted SnoN, a transcriptional repressor of 
Smad proteins, which activated transcription in response to TGF-B family 
ligands (Stegmüller et al., 2008). 
APC/CCdh1 also affected signaling pathways required for differentiation. 
The first evidence of such a crosstalk was the identification in Drosophila 
melanogaster that APC/C, when complexed with Fzr1 (D. melanogaster Cdh1 
homolog), targets the kinase Nek2, which maintains the Wingless-signaling 
pathway active (Martins et al., 2017).  
All these evidences indicate that the role of APC/CCdh1 during 
developmental decisions is far from being clear and that further analysis is 
required, mainly in multicellular organisms. However, the essential role of Cdh1 
for correct offspring observed in murine models (the ablation of Cdh1-homolog 
Fzr1 causes embryonic lethality due to abnormalities of the placenta) precludes 
this deeper analysis (García-Higuera et al., 2008). In this thesis, our aim was to 
analyze the roles of FZR-1 in the worm Caenorhabditis elegans.  
1.4. Caenorhabditis elegans overview 
C. elegans is a transparent and free-living nematode that were proposed 
as a model organism to study development (Brenner, 1974). It is easy to 
cultivate, feeding on bacteria layers on plates (Brenner, 1974). The life cycle of 
C. elegans is highly dependent on temperature. At 20ºC, its life cycle lasts 78 
hours (h). However, at lower temperatures, such as 15ºC, it extends up to 125 h 
(Fig. 3). On the contrary, its life cycle shortens to 60 h when worms are 
incubated at 25ºC. Under environmental conditions favorable for reproduction, 




L2, L3, and L4). Adults could live for several weeks. (Byerly et al., 1976). 
Transitions to a new stage are preceded by a molting phase, during which 
worms produce a new external cuticle (Raizen et al., 2008). Besides, a 
particular resistant larval stage named "dauer" appears when food is scarce. 
Dauers survive without food for up to several months and could resume larval 
development after food supply (Golden & Riddle, 1984).  
 
 
Figure 3. The life cycle of C. elegans. 
 
C. elegans development is thoroughly characterized, as it is known the 
origin, position, and fate of every single cell. This detailed knowledge is 
explained because C. elegans has a fixed number of cells, meaning that cell 
lineage is almost invariant. In the gastrula stage, from 1-cell zygote to 550-cell 
stage, embryonic cells proliferate and arrange in a tubular pattern. Major 
rearrangements take place later on, throughout the stages of metamorphosis 
(bean stage) and elongation (comma and fold stages) (Sulston et al., 1983).  
Anatomically, this nematode contains a digestive tract composed of a 
continuously pumping pharynx followed by an intestine. Its nervous system 
consists of a nerve cord. Most of its neurons are located in the head, behaving 
as chemosensors. Smooth-muscle tissues control the movement of organs 
such as the pharynx. Four bands of striated muscle and epithelial tissue outline 
its body and determine its sinusoidal displacement. A cuticle made of collagen 






Figure 4. General anatomy of C. elegans. A. Longitudinal section of adult hermaphrodite B. Longitudinal 
section of adult male. C. Transversal section of hermaphrodite (https://www.wormatlas.org). 
C. elegans is hermaphrodite, which makes easy the maintenance of 
clonal populations. In addition, hermaphrodites could yield a low rate of males 
(by random missing one of the two X sexual chromosomes), roughly 0.1 % 
among the total progeny (Hodgkin et al., 1979). Sexually dimorphic, C. elegans 
genders are visually distinguishable (Fig. 4). The main morphological feature of 
males is their copulatory apparatus used for mating. Adult hermaphrodites are 
composed of a total of 959 somatic nuclei, while males contain 1031 somatic 
nuclei (Sulston & Horvitz, 1977). The presence of males makes possible sexual 
crosses, and therefore, genetic analysis. 
1.5. C. elegans reproductive system 
The reproductive system of C. elegans hermaphrodite is composed of 
two symmetrical U-shape gonads facing each other (Fig. 5). Initially, gonads 
produce a wave of sperm cells (roughly 150 per gonad) that were stored in a 
special organ called spermatheca. During L4, gonads cease sperm production 
and start to produce oocytes continuosly, which are fertilized when they cross 
the spermatheca to reach the uterus. Thus, upon self-fertilization, C. elegans 




can produce 300 viable eggs, on average (Hirsh et al., 1976). If males fertilize 
hermaphrodites, the total progeny could be increased from 300 to roughly 1000 




Figure 5. Reproductive system of C. elegans hermaphrodite. C. elegans contains two symmetrical U-
shape gonads facing each other and connected through the uterus, where eggs/embryos are accumulated 
before being expelled. Each gonad is organized along a distal-to-proximal axis. At the distal end, a stem-
cell niche, the Distal Tip Cell, maintains a pool of mitotic germ cells (dark purple). Germ cells move from 
distal to proximal end. Once outside distal tip cell (DTC) influence, germ cells enter a meiotic program 
yielding oocytes. After passing through the spermatheca, oocytes are fecunded. Distal gonad (DG), 
spermatheca (Sp), spermatheca-uterine (Sp-ut) valve (https://www.wormatlas.org). 
The adult germline exhibits distal–to-proximal (D-P) polarity. At one of its 
ends, the distal end, the germline possesses a pool of germ cells maintained in 
an undifferentiated and mitotic state. This pool of germ cells is actively 
maintained by signaling mediated by Notch pathway, provided by a stem-cell 
niche composed of the Distal Tip Cell (DTC), which caps this end of the 
germline. DTCs present a cup-like shape that extends processes towards germ 
cells (Byrd et al., 2014) (Fig. 6A). The plasma membrane of DTC expresses on 
its surface a Notch ligand, LAG-2 (Henderson et al., 1994). When DTC and 
germ cells are in tight contact, LAG-2 activates Notch receptor GLP-1 on the 
surface of germ cells (Kawasaki et al., 1998, Kimble & Simpson, 1997). Once 
activated, GLP-1 self-cleaves releasing its cytoplasmatic fragment (Notch 
Intracellular Domain, NICD) that upon translocation to nucleus, forms a tertiary 




activating the expression of distinct target genes producing RNA regulators 
(Chen et al., 2020, Petcherski & Kimble, 2000). Among these, LST-1 (Nanos-
like protein), SYGL-1 and the Pumilio RNA binding proteins, FBF-1 and FBF-2, 
are required to control the translation, mostly via repression, of a plethora of 
targets mRNAs. This widespread repression keeps germ cells in their 
proliferative as well as undifferentiated state (Fig. 6B) (Shin et al., 2017).  
As germ cells divide, they advance through the germline towards the 
proximal end. Once germ cells are out of the influence of DTC, they turn off 
Notch signaling and as a consequence, it is induced the translation of mRNAs 
repressed by FBF-1/2 (Lamont et al., 2004). Among the proteins produced, 
NOS-3, GLD-1, GLD-2 and GLD-3 have major roles inducing the entrance in 
meiosis (Hansen et al., 2004). NOS-3 and GLD-1 seems to act together, 
repressing mitotic genes. GLD-1 is an RNA-binding protein that functions in 
translation repression, largely but not exclusively through 3’ UTR regulation. 
NOS-3, which is an ortholog of the Nanos protein, cooperated with GLD-1 by a 
not well stablished manner (Hansen et al., 2004, Jan et al., 1999). GLD-2 and 
GLD-3 activate the expression of meiotic genes. GLD-2 is a cytoplasmic polyA 
polymerase that stabilizes mRNA, while GLD-3 is an RNA-binding protein that 
brings GLD-2 to mRNA (Wang et al., 2002) (Fig. 6B). 
Once meiosis program is activated, meiotic germ cells progress through 
distinct phases of the 1st meiotic prophase. The shift from mitosis to meiosis 
occurs in the transition zone. This region features germ cells with crescent-
shape nuclei after staining of DNA. The transition zone contains germ cells in 
leptotene and zygotene phases. Pachytene stage coincides with the central 
region of the gonad, while diplotene happens in the loop that forms the 
germline. Finally, oocytes are stalked in diakinesis, until meiotic division re-stars 






Figure 6. Distal Tip Cell (DTC) is a stem-cell niche that maintains germline. A. DTC is a stem-cell 
niche that extends processes and keeps a pool of mitotic germ cells (mitotic region). Outside the influence 
of DTC, germ cells enter meiosis in transition zone (TZ). Upper image shows a DTC expressing the 
reporter lag-2p::GFP. Middle image shows the germline with DAPI-stained nuclei. Lower image represents 
the merge (Linden et al., 2017). B. Notch ligand LAG-2, expressed in the surface of DTCs, activates Notch 
pathway in germ cells, maintaining their mitotic and germinal identity. LAG-2 ligand binds to GLP-1 
receptor, located in the membrane of germ cells. GLP-1 self-cleavages and releases its intracellular 
domain, which acts as a transcription factor. Notch signaling induces the expression of Pumilo family 
member FBF, an RNA-binding protein that avoids translation of pro-meiotic mRNAs nos-3, gld-1, gld-2 and 
gld-3. After DTC, NOS-3 helps to activate the RNA binding protein GLD-1, which inhibits the translation of 
mitotic mRNAs, among others. On the other hand, the partner GLD-2/GLD-3 stabilizes meiotic mRNA due 
to its polyA activity. C. Extruded and DAPI-stained germline showing the different stages of meiotic 
prophase. 
1.6. Development of germline 
The germline of recently hatched L1 larvae is composed of two 
primordial germ cells (PGCs), named Z2 and Z3. Once L1 larvae start to feed, 
PGCs re-activate their cell cycle and start to divide. These cell divisions are 
sustained by Notch signaling provided by DTCs, which also lead the elongation 
of germlines. In L4, approximately 37 meiotic cells per arm at the most proximal 




switches from making sperm to making oocytes for the remainder of 
development and throughout adulthood (Fig. 7) (Kimble & White, 1981). 
 
 
Figure 7. Germline development. Primordial germ cells (PGCs), Z2 and Z3, are the founder cells of the 
germline. Both cells start to divide mitotically through larvae stages. During L3, germline elongation 
commences guided by the Distal Tip Cell (DTC). Meiosis leading sperm production is activated at L4. Later 
on, meiosis switches from sperm to oocyte production, allowing self-fertilization. 
1.7. Chromatin regulators MES-4 and Polycomb Repressive 
Complex 2 (PRC2) are master regulators for 
maintaining germ cell identity 
Among the multiple levels of control that ensure the maintaining of germ 
cells, epigenetic regulation is a key factor. Germ cells possess a unique 
epigenetic landscape, which is the result of different chromatin modifications 
that allow the expression of germ identity genes, while somatic genes are kept 
silenced. Post-translational modifications of histone tails are an essential source 




is maintained by a series of proteins that were genetically defined as mutation 
having a maternal-effect sterile (MES): maternally provide MES product 
promotes development of a fertile germline, whereas absence of maternal MES 
product leads to death of nascent germ cells and sterile adults. MES proteins 
play an essential role in the already mentioned acquisition and upkeep of 
germinal chromatin. This group includes the members MES-2, MES-3, MES-4, 
and MES-6 proteins (Korf et al., 1998).  
MES-4 contains a SET domain indicative of histone methyltransferase 
(HMT) activity and is homolog to the vertebrate NSD proteins. MES-4 generates 
H3K36me3 on genes expressed in the germline (Bender et al., 2006). MES-2, 
MES-3, and MES-6 form the C. elegans version of the widely conserved 
Polycomb Repressive Complex 2 (PRC2) and generate repressive tri-
methylation at lysine 27 of histone 3 (H3K27me3) (Bender et al., 2004b). MES-
2 and MES-6 are the orthologs of D. melanogaster Enhancer of Zeste [E(Z)] 
and Extra Sex Combs (ESC), respectively. The catalytic activity relies on the 
MES-2 subunit, which contains a SET domain (Ketel et al., 2005, Holdeman et 
al., 1998). Interestingly, the MES-3 subunit is exclusive of C. elegans, and 
ortholog proteins have not been found in any other organism (Xu et al., 2001). 
MES-4 and PRC2 are necessary for germinal identity. MES-4-mediated 
tri-methylation at lysine 36 of histone 3 (H3K36me3) keeps the germinal genes 
of autosomes transcriptionally active. At the same time, PRC2-mediated 
H3K27me3 represses somatic gene expression. This particular combination of 
activation and repression maintain the identity of germ cells. In fact, mes 
mutants are prone to suffer transdifferentiation of germ cells into somatic cells 
upon induction of transcription factors (Patel et al., 2012).  
MES-4 and PRC2 delimit their action to each other, as their methylation 
marks are mutually exclusive (Gaydos et al., 2012). This antagonism promotes 
appropriate gene expression in germ cells, allowing the correct disposition of 
each activating and repressive marks. A paradigmatic case to understand this 
behavior is the X chromosome, which in XX hermaphrodites and XO males is 
globally ‘silenced’ during most stages of germ cell development (Strome et al., 
2014). MES-4 and H3K36me3 are enriched on the five autosomes and nearly 
absent from the X, whereas PRC2-generated methylation is modestly enriched 




due to displacement of PRC2 complexes towards MES-4-controlled regions 
within autosomes (Fig. 8). Consequently, somatic genes within the sexual 
chromosome are de-repressed in such mes-4 mutants, producing sterility 
defects (Gaydos et al., 2012). In other words, it seems that in addition to 
maintain activating methylation in the germline genes, the role of MES-4 is also 
to repel PRC2-mediated methylation of germline-expresssed genes.  
 
Figure 8. Histone methyl transferase (HMT) MES-4 delimits the activity of HMT Polycomb (MES-
2/3/6). In wild type germ cells, MES-4-dependent methylation is located mainly in autosomes, allowing the 
expression of germinal-associated genes. On the other hand, Polycomb-dependent methylation is 
concentrated within X chromosome, leading to an overall silencing of somatic genes. Loss of MES-4 
causes that Polycomb invades autosomes, extending its repressive mark along autosomes. At the same 
time, Polycomb-dependent methylation is diminished on X chromosome. 
This antagonism explains the described similar distribution of MES-4 and 
MES-3 proteins along the germline: they are enriched in the mitotic distal 
region, dropping abruptly in the pachytene region to rise again in late pachytene 
and proximal region (Fig. 9). Interestingly, the molecular mechanism to maintain 
this similar distribution seems to be different. While in the case of MES-3, GLD-
1 seems to bind the 3’ UTR repressing its translation in pachytene (Xu et al., 
2001) (Fig. 9B), for MES-4 the timely degradation by the APC/CFZR-1 seems to 







Figure 9. MES-4 and MES-3 proteins are expressed in proximal and distal regions of germline. 
A. Germline stained with DAPI (upper image) and with antibodies anti MES-4 (Lower image). MES-4 
protein levels drop in pachytene region (from (Fong et al., 2002)). B. Germline stained with DAPI (Upper 
image) and stained with antibodies anti MES-3 (lower image). MES-3 protein levels drop in pachytene 
region (from (Xu et al., 2001)). 
1.8. Somatic gonad of C. elegans  
Germline development and its maintenance depend on a support organ, 
the somatic gonad. In adult hermaphrodites, the somatic gonad is a complex 
tubular organ consisting of five tissues, each with specific functions and distinct 
anatomical features: the DTCs, gonadal sheath, spermatheca, spermatheca-
uterine valve, and uterus (Fig. 10B) (Nigon & Félix, 2017). Somatic gonad 
promotes the germline development through larval stages. This function mainly 
relies on two distinct cell types. In first place, the DTC, which is stem-cell niche 
that maintain germ cell identity (Byrd et al., 2014) and guides germline 
elongation. The second cell type that signals to germline are composed of 
sheath cells, which wrap the germline. One gonadal arm contains 10 sheath 
cells. It is known that sheath cells send signals to cells within germline, needed 
for proper oocyte production (McCarter et al., 1997). For instance, mutations in 
factors that alter the function of proximal sheath cells, like xnp-1, resulted in 
fertility defects (Bender et al., 2004a). 
At hatching, the gonad comprises two primordial germ cells (PGCs), Z2 
and Z3, flanked by the somatic gonad precursors (SGPs), named Z1 and Z4, 




quiescent until the mid-L1 when, upon feeding, PGCs and SGPs cells start to 
divide (Furuhashi et al., 2010). Initially, somatic gonadal cells and germ cells 
are mingled. Once that L2 stage is reached, all cell lineages that compose the 
somatic gonad are specified. In this stage, somatic gonad contains 12 cells. By 
L2, Z1/Z4 have generated 12 descendants: two DTCs, required for gonad 
elongation and germline patterning; nine blast cells that will, collectively, 
generate all other adult somatic gonad cells and one anchor cell (AC) a 
transient cell that induces vulval development (Kimble & Hirsh, 1979) (Fig. 10A). 
Upon hatching, SGPs (either Z1 or Z4) start to divide asymmetrically along a D-
P axis. DTCs are the most distal cells, while the more proximal daughter 
resulted in one of the precursors of AC (Kimble & Hirsh, 1979). These two more 
proximal cells (one per each gonad) have similar potential to become AC. Noisy 
variations in the expression of Notch receptor lin-12 between both equivalent 
cells make that the cell with higher lin-12 expression becomes ventral uterine 
(VU) cell, while the other becomes AC (Attner et al., 2019). Next, during L2/L3 
transition, somatic gonadal cells and germ cells rearrange. DTCs move to the 
distal tips, the major part of somatic gonadal cells occupies the central region, 
and germ cells move toward both extremes. DTCs lead the outgrowth of 







Figure 10. Somatic gonad of hermaphrodites. A. Somatic Gonadal Primordial Cells (SGPs), Z1 and Z4, 
are the founder cells of the somatic gonad. Both cells and their descendants divide asymmetrically through 
larvae stages yielding the different cell lineages. Somatic gonadal cell lineages are established during 
L2/L3 molt: Distal Tip Cell (DTC), Sheath-Spermatheca precursor cell (SS), Dorsal-Uterine cell (DU), 
Ventral-Uterine Cell (VU) and Anchor Cell (AC). B. Somatic gonad of adult hermaphrodite. Distal gonad 
(DG), proximal gonad (PG) and Spermatheca (Sp). 
C. elegans has evolved a different program for gonadal development in 
males. The gonad of C. elegans males consists of a single J-shaped arm 
(Kimble & Hirsh, 1979) (Fig. 11). Male germline only produces sperm, which is 
released outside through the cloaca. Like hermaphrodites, male germlines 
contain a pool of undifferentiated and mitotically active germ cells in contact 
with the stem cell niche, composed of two male DTCs (mDTCs) located 
together in the distal gonad. Also, once they advance and get outside DTC 
influence, germ cells enter a meiotic program. At L1, the male gonad also 






Figure 11. Male reproductive system. Males possess a single J-shaped gonad that produces sperm. 
Male somatic gonad consists of two DTCs located together in the distal region. Proximally, sperm cells are 
accumulated in the seminal vesicle. Sperm is released through cloaca after moving along vas deferens. 
In contrast with hermaphrodite DTC, mDTCs do not lead the outgrowth of 
germline. mDTCs sustain the germ cell pool within the mitotic region while male 
gonadal outgrowth relies on the linker cell (LC), which is the leader cell (Kimble, 
1981). By the L4 stage, LC reaches the cloaca at the posterior end, thus 
completing gonadal arm extension. After reaching the cloaca, LC enters cell 
death (Abraham et al., 2007). During gonadal outgrowth, the rest of male 
somatic gonadal cells advance with LC and produce the seminal vesicle and 
vas deferens, which allow the release of sperm through the cloaca (Fig. 11). 
Like AC, LC fate commitment stems from random decisions between two cells 
(Kimble & Hirsh, 1979). 
1.9. Wnt signaling determines cell lineages within the 
somatic gonad 
Wnt signaling determines the fate of the different cells within somatic 
gonad throughout asymmetric divisions. Wnt pathway encompasses different 
subtypes. In drosophila and vertebrates, canonical Wnt pathway activates when 
extracellular Wnt ligand binds to Frizzled receptor and LRP6, both located in the 
plasma membrane. This ternary complex, in turn, recruits Dishevelled, that 
associated with destruction complex composed of four proteins: Axin, that is the 
scaffold subunit, kinases CKI and GSK3β, and Adenomatous polyposis coli 
protein (APC). Upon membrane reclusion, this destruction complex is not able 




dimerizes with the transcription factor TCF, activating the expression of genes 
necessary for cell fate specification. In the absence of Wnt signaling, the 
destruction complex is continuously phosphorylating β-catenin, which is then 
ubiquitinated by βTrcp and degraded by the proteasome. Monomeric TCF acts 
as a transcriptional repressor (reviewed in (Angers & Moon, 2009)) (Fig. 12). In 
C. elegans, Wnt is used in many asymmetric divisions (reviewed in (Korswagen, 
2002)). These divisions are organized according to an anterior-to-posterior (A-
P) axis. During development, the posterior daughter receives Wnt signaling 
while the anterior daughter does not activate the Wnt pathway.  
 
Figure 12. Canonical Wnt pathway. In absence of Wnt ligand, the destruction complex (Axin, GSK3,CKI 
and APC) phosphorylates and sends β-catenin (BAR-1 in C. elegans) for proteasomal degradation. 
Transcription factor LEF/TCP (POP-1) acts as a repressor of gene expression. When Wnt ligand binds to 
Frizzled receptor it triggers the recruitment of LRP5/6 and Dishvelled (DSH-2 and MIG-5), which in turn 
brings destruction complex to plasme membrane. β-catenin accumulates and translocates into the 
nucleus, where heterodimerizes with LEF/TCP, activating gene expression (from (Angers & Moon, 2009)). 
In contrast with the A-P body axis, the development of somatic gonad 
follows, instead, a D-P axis. After each cell division, Wnt pathway is active in 
the distal while posterior daughter keeps Wnt pathway off (Fig. 13A). In 
addition, somatic gonad development depends on a non-canonical Wnt 




catenin asymmetry pathway are not fully understood (Phillips et al., 2007). The 
first enigma is that none Wnt ligand has been identified. Nonetheless, there are 
two described frizzled receptor, LIN-17 and MOM-5, which collaborates with 
Drosophila Disheveled homologs DSH-2 and MIG-5. The second enigma 
regards the destruction complex, which is not necessary to ensure correct Wnt 
signaling. Indeed, Wnt asymmetry pathway is not based on avoiding β-catenin 
SYS-1 degradation, but in its asymmetric delivery. Thus, Wnt-active distal 
daughter has a higher concentration of SYS-1 than its proximal sister (Phillips et 
al., 2007) (Fig. 13B and C). On the contrary, the nuclear levels of POP-1 are 
lower in distal daughter than in the proximal one (Fig. 13B and D). The reason 
is that Wnt asymmetry pathway bifurcates to regulate, on one side, the 
distribution of SYS-1, and on the other side POP-1. Wnt asymmetry pathway 
activates β-catenin WRM-1, which associates with the kinase LIT-1 and 
phosphorylates POP-1, translocating it from the nucleus to the cytoplasm 
(Siegfried et al., 2004, Siegfried & Kimble, 2002). As a result, in the distal cell, 
the scarce nuclear POP-1 is bound to SYS-1, producing a heterodimer that 
activates the expression of downstream genes. The proximal cell has the 
opposite relationship, low levels of SYS-1, and high levels of POP-1. In this 
case, like in the canonical pathway, POP-1 acts as a transcriptional repressor 
(Fig 13B). SYS-1 is a special β-catenin, that showed no sequence similarity at 
amino acid level with canonical β-catenin, but whose tridimensional structures 
resembles canonical β-catenin, like WRM-1. Moreover, SYS-1 does not contain 
the motif recognized by the destruction complex, in agreement with the non-
essential role of this destruction complex in Wnt/β-catenin asymmetry signaling 







Figure 13. Non-canonical Wnt pathway participates in cell fate establishment within somatic gonad. 
A. Somatic gonadal cells divide asymmetrically along a distal-proximal axis. Distal and proximal daughter 
cells commit different fates. Non-canonical Wnt pathway is active and determines the fate of distal cells 
(green arrows). On the contrary, Wnt signaling is switched off in proximal cells (red arrows). B. After each 
division, non-canonical Wnt pathway controls the asymmetrical delivery of β-catenin SYS-1 and POP-
1/TCF between distal and proximal daughter cells. The nucleus of distal cell is enriched in SYS-1 while 
keeps low levels of POP-1. SYS-1 and POP-1 dimerizes activating the expression of genes controlling cell 
fate. On the other hand, the nucleus of proximal cell does not contain SYS-1 and retains higher levels of 
POP-1. In this case, POP-1 behaves as a transcriptional repressor. C. VENUS::SYS-1 reporter is present 
in distal cell Z1a but absent in proximal Z1p (from (Phillips et al., 2007)). D. GFP::POP-1 reporter is highly 
expressed in proximal cells Z1p and Z4a, than in distal cells Z1a and Z4p (from (Siegfried et al., 2004)). 
Mutations in lin-17 or dsh-2 yield symmetric delivery of SYS-1 and POP-
1. Moreover, lit-1 and wrm-1 mutants also cause loss of POP-1 asymmetry 
(Phillips et al., 2007). Phenotypically, mutants in components of the Wnt 
pathway often lack one or both gonadal arms. These malformed gonads are the 
consequence of alterations in cell lineages within somatic gonad. Particularly 
affected are the most distal cell lineages, i.e., DTCs, which need a functional 
Wnt pathway. DTCs are frequently absent in the different Wnt mutants. On the 
other hand, in the most proximal cell lineage, the AC, Wnt pathway is never 
active, so this cell is always present in Wnt mutants. Indeed, extra AC is 




divisions, both daughters often acquire the same proximal fate. These 
symmetric divisions cause a lack of DTCs and gonadal arms, but the 
appearance of extra anchor cells, in what has been dubbed 'Sys' phenotype 
(Phillips et al., 2007, Chang et al., 2005, Siegfried et al., 2004, Siegfried & 
Kimble, 2002).  
Wnt mutants also affect male gonadal development. However, 
hermaphrodites are more severely affected than males (Siegfried & Kimble, 
2002). For example, dsh-2 hermaphrodites lack at some frequency one or both 
gonadal arms due to missing DTCs. Moreover, they used to possess more than 
one AC. On the contrary, dsh-2 males elongate one J-shaped gonad, indicating 
that at least one mDTC is always produced. A more in-depth analysis showed 
the presence of extra LC, indicating D-P axis defects. dsh-2 also develop 
defective seminal vesicle and vas deferens (Chang et al., 2005). 
1.10. DTC determination 
Hermaphrodite DTC is the only somatic gonad lineage in which Wnt 
pathway is always active during the successive rounds of cell division. Wnt 
pathway in this case activates the hox gene ceh-22 (previously known as sys-3) 
that codes for a homeodomain transcription factor. A low level of expression of 
ceh-22 started before the first cell division in the SGP and it is strongly activated 
by Wnt pathway in the distal lineage (Z1a/Z4p) (Lam et al., 2006). The 
expression of ceh-22 remains in the DTC (Z1aa/Z4pp), while is repressed in the 
proximal sister (Z1ap/Z4pa) by a complex composed of the double 
bromodomain protein BET-1 and MYS-1 histone acetyltransferase (Shibata et 
al., 2014). Finally, ceh-22 expression is abrogated even in DTC between L2 and 
L3 transition, and secondary transcriptional factors maintain the DTC fate (Lam 
et al., 2006). Among the candidates are the basic-helix-loop-helix (bHLH) 
transcription factors LIN-32 and HLH-12, which are expressed in DTC and are 
required to maintain the DTC fate (Sallee et al., 2017). 
DTC determination also seems to be under the control of cell cycle, since 
mutations in G1/S cell-cycle regulators affect the presence of DTC. For 
instance, cyd-1 mutants lack DTCs, and, consequently, also lack gonadal arms. 




Wnt pathway. In cyd-1 mutants, POP-1 asymmetry disappears, and therefore it 
mimics a defect in Wnt signaling (Tilmann & Kimble, 2005). G1/S inhibitor CKI-1 
also participates in DTC fate commitment. cki-1 RNAi resulted in the presence 
of extra DTCs. Furthermore, the effect of CKI-1 depletion also alter other cell 
fates and for instance, cki-1 RNAi produces extra AC. Cell ablation experiments 
revealed that the ectopic DTCs could come from the division of the DTC itself, 
suggesting that the fates are not altered but the differentiated cells do not arrest 
their cell cycle. However, alternative explanations like that in the absence of 
CKI-1 other somatic gonad cells commit DTC fate cannot be ruled out (Kostić et 
al., 2003).  
An additional interesting connection between Wnt pathway and cell cycle 
regulation at the DTC, is the asymmetric distribution between Z1aa (DTC) and 
Z1ap (SS) of CYE-1, the S-phase cyclin. It seems that Wnt signaling keeps low 
CYE-1 levels to allow DTC fate acquisition. For instance, cye-1 mutants or cye- 
RNAi yields extra DTC because Z1ap and Z4pa do not differentiate into SS 
precursor cells but into DTC. Lack of DTCs upon ectopic expression of cye-1 
further confirmed that CYE-1/CDK-2 opposites DTC fate. The molecular basis 
of this incompatibility is unknown (Fujita et al., 2007). 
1.11. Objectives 
It is necessary to achieve a deeper understanding of the complex 
interplay between cell cycle and differentiation processes. Results obtained in 
this field are relevant not only in the scientific sphere but also for potential 
medical applications. C. elegans is a multicellular organism easy to handle and 
well studied, offering an incredible system to study how cell cycle influences 
differentiation and vice versa. Previous results from our laboratory have 
demonstrated that the cell-cycle component APC/CFZR-1 directs the proteasomal 
degradation of the histone methyltransferase MES-4. This non-cell cycle-related 
target described for APC/CFZR-1 paves the way to studying new roles of 
APC/CFZR-1. To get more insight into the role played by APC/CFZR-1 connecting 
cell cycle with differentiation, we decide to uncover new possible targets of 
APC/CFZR-1 that participates in the maintenance and functionality of the gonad 




the germline of C. elegans. We also have characterized the consequences of 
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2. MATERIALS AND METHODS 
2.1. Molecular Biology Procedures 
2.1.1. Plasmid construction 
Plasmids were first designed in silico with Serial cloner 2-6-1 software. 
Standard cloning protocols were applied (Maniatis et al.,1989). Competent 
Escherichia coli DH5α was transformed with plasmids by the heat shock 
method (Hanahan, 1983). Plasmids were purified by alkaline lysis method 
(Birnboim & Doly, 1979) and checked by digestion with restriction enzymes.  
Plasmid pGEM-T easy (Promega) and pJET1.2 (Thermo Fisher) was 
used for subcloning and sequencing of genomic fragments generated by PCR. 
PCR fragments used for plasmid construction were first gel purified with 
QIAquick® Gel Extraction Kit.  
2.1.2. DNA extraction from C. elegans and PCR amplification 
DNA from C. elegans was extracted according to (Barstead et al., 1991). 
Worms were included in Lysis Buffer with 0.1 µg/µL of proteinase K. Samples 
were incubated at -80 ºC for at least 5 minutes. Next, a reaction of 60ºC during 
1 hour and 95ºC for 15 minutes was run in a thermocycler. DNA obtained was 
amplified with Taq DNA Polymerase for checking purposes or with high fidelity 
DNA polymerase Q5 (BioLabs), for plasmid construction and sequencing. 
Samples were run on TAE electrophoresis gels. Reaction mixes with the 
different polymerases and PCR programs are listed in table 1 and 2, 
respectively. 
 




Reactive µL/tube Reactive µL/tube
Desionized water 19,5 Desionized water 35
Buffer 10x 2,5 Buffer Q5 5x 10
dNTPs (10mM) 0,5 dNTPs (10mM) 1
Oligo 1 (100 µM) 0,125 Oligo 1 (100 µM) 0,5
Oligo 2 (100 µM) 0,125 Oligo 2 (100 µM) 0,5
Taq 0,25 Q5 (2 u/µL) 1
DNA 2 DNA 2
Final volume 25 Final volume 50
Taq Q5
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Table 2. PCR program 
 
2.2. Genetic Procedures 
2.2.1. C. elegans maintenance 
Strains were derived from Bristol N2 wild type and maintained using 
standard methods (Brenner, 1974). Basically, worms were maintained at 20°C 
on nematode growth media spotted with Escherichia coli OP50. Nematode 
growth media contained 3 g/L NaCl, 2.5 g/L peptone, 20 g/L agar, 25 ml/L 1 M 
potassium phosphate buffer (1 M K2HPO4 mixed with 1 M KH2PO4 to reach a 
pH of 6.0), 1 mM CaCl2, 1 mM MgSO4, and 5 µg/mL cholesterol.  
2.2.2. Generation of C. elegans strains by crossing  
For crossing, eight to ten C. elegans males from one strain were mated 
with three to four hermaphrodites of another strain. C. elegans males were 
obtained upon 6 hours of heat-shock at 32ºC of L4 worms. Offspring was 
isolated in L4 or previous stages avoiding them to be fertilized by males. To 
distinguish the hermaphrodite self-progeny from the progeny resulting from 
mating, PCRs of the isolated F1 worms or tracing of fluorescence markers were 
used. 
2.2.3. RNA interference (RNAi) experiments 
RNAi feeding method was used for gene silencing (Timmons & Fire, 
1998). RNAi-producing plasmids were obtained from from Ahringher’s library 
(Kamath & Ahringer, 2003) or constructed ad hoc using pL4440. To prepare 
RNAi feeding dishes, Escherichia coli (E. coli) HT115 strain transformed with 
RNAi-producing plasmid was grown in Luria-Broth (LB) medium with ampicilin 
(200 µg/mL) at 37ºC overnight. 100µL of a 10x concentrated culture were 
seeded onto dishes with NGM medium, IPTG (50 µg/mL) and ampicillin (200 
Polymerase Taq Q5
Step 1 (x1) Denaturation 94ºC 5 min 98ºC 30 s
Denaturation 94ºC 30 s 98ºC 10 s
Annealing 60ºC 30 s 55ºC 20 s
Elongation 68ºC 4 min 72ºC 4 min
Step 3 (x1) Elongation 68ºC 7 min 72ºC 2 min
Step 2 (x30)
PCR program
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µg/mL). Dishes were incubated at room temperature overnight to allow double 
strand RNA (dsRNA) production.  
L4 worms were placed at 20ºC or 25ºC on RNAi plates, spread with the 
appropriate RNAi bacterial strain (Kamath et al., 2001) .The next day, adults 
were transferred to fresh plates and left to lay eggs for 2.5 h before being 
removed. The following days, the development of the progeny observed. Each 
experiment was repeated at least three times. To test the effect of RNAi at the 
L1 stage, we grew worms on control RNAi plates as above but transferred their 
progeny at the L1 stage to plates spread with the appropriate RNAi bacterial 
strain.  
2.2.4. Fertility assay 
For viability and brood counts, single L4 worms were picked to plates 
and transferred to new plates every 48h until egg-laying stopped. After removal 
of the parent, the number of live progeny was counted for two days.  
2.2.5. Synchronization of worms 
To obtain synchronized populations, adult hermaphrodites were 
bleached, allowed to hatch overnight in S-medium, and synchronized L1 worms 
were provided food and grown at the desired temperature. After 46 hr at 20ºC, 
L4-adult molting worms were picked to a separate plate and were used for 
dissection after 8 hr (Porta-de-la-Riva et al., 2012). 
2.2.6. Microinjection of C. elegans germlines 
For Mos-mediated integration of transgenes we use Mos-universal 
system followed the procedures described in the Jorgensen webpage 
(https://wormbuilder.org/old/). For CRISPR we used in vitro assembly of Cas9 
RNP complexes following procedures described in (Vicencio et al., 2019)).	  	  
We have injected CRISPR or Mos mixes into germlines of 1 day-old adult 
worms grown at 20ºC. We used a Nikon ECPLISE Ti microscope in 
combination with a FemtoJet® Microinjector and a PatchMan® NP2 
micromanipulator, both from Eppendorf, and Femtotips® II capillaries. Every 
injection into germline was done with a pressure of 2500hPa during 0.2 
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seconds. Worms were put on a 2% agarose pad (where they remained 
immobilized) and covered with Halocarbon oil. 
2.3. Microscopy analysis 
2.3.1. Preparation of worms 
Worms were pre-incubated for 5 minutes in M9 solution containing 0.25 
mM levamisol and 0.1% Tween-20, in order to anesthetized them. Worms were 
put on a 2% agarose pad. Then, mounting oil vectashield was added. The 
sample was mantled with cover slips and sealed with polish nail. 
2.3.2. Preparation of isolated gonads 
Worms were pre-incubated for 5 minutes in M9 solution containing 0.25 
mM levamisol and 0.1% Tween-20, in order to anesthetized them. Gonads were 
isolated by extrusion after chopping off heads of worms with a scalpel. The 
nuclei of the gonads were stained with DAPI (4′,6-diamidino-2-phenylindole) 
after permeating them with methanol during 5 minutes at -20ºC and washing 
three times with a phosphate saline buffer (PBS 0.1% Tween 20) containing 
0.1% tween-20.  DAPI was added at a final concentration of 50 µg/mL. Gonads 
were incubated for 30 minutes in darkness at room temperature. Finally, stained 
gonads were put on a 2% agarose pad. Then, mounting oil vectashield was 
added. The sample was mantled with cover slips and sealed with polish nail.  
2.3.3. Analysis of in situ gonads by DAPI staining of worms 
Worms were pre-incubated for 5 minutes in M9 solution containing 0.25 
mM levamisol and 0.1% Tween-20, in order to anesthetized them. The nuclei of 
worms, including nuclei of gonads, were stained with DAPI (4′,6-diamidino-2-
phenylindole)  after permeating worms with Carnoy solution (60% ethanol, 30% 
chloroform and 10% glacial acetic acid for 1 hour at -20ºC and washing three 
times with a phosphate saline buffer containing 0.1% tween-20 (PBS 0.1% 
Tween 20).  DAPI was added at a final concentration of 50 µg/mL. Worms were 
incubated for 30 minutes in darkness at room temperature. Finally, DAPI 
stained worms were put on a 2% agarose pad. Mounting oil vectashield was 
added, mantled with cover slips and sealed with polish nail.  
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2.3.4. Microscope images 
Nikon Eclipse 90i equipped with an ORCA ER camera (Hammatsu) and 
Olympus IX81 confocal spinning disk (Yokogawa CSU-X1 disk unit and 
equipped with a Photometrics Evolve EM-CCD camera) were used and 
managed through Metamorph software. Microscope Z-stack images were 
converted into a Z-projection of maximum intensities using ImageJ 1.47v. Z-
projected images were mounted in Adobe Photoshop CS5 in gray-scale. When 
working simultaneously with Cherry and GFP, images were converted to RGB 
color in order to make merges with Photoshop. 
2.3.5. Statistical analysis 
Data were analyzed using Prism 5.0 and Microsoft Excel softwares. 
2.4. Description of the alleles constructed in this thesis 
2.4.1. mes-4(sal25[K10A, E11A, N12A]) 
The KEN-box motif of MES-4 protein was mutated to triple alanine 
(K10A, E11A, N12A) by CRISPR-Cas9. Microinjection mix consisted of pre-
assembled gRNA-Cas9 complex complexes (Paix et al., 2015): 15 µM tracRNA, 
12.5 µM of mes-4(aaa)sgRNA (from IDT), 0.2 µg/µL of mes4aaa mer (which 
incorporates mutations K10A, E11A, N12A) and 0.5 µg/µl Cas9 (from IDT). We 
also included in the mix the co-injection marker based on dpy-10(cn64)(Kim et 
al., 2014) : 2.5 µM of sgRNAdpy-10 and 0.05 µg/µL of dpy-10 mer. After 3 to 4 
days, Dpy and/or Rol worms were isolated. Insertion of KEN→AAA mutation 
was checked by PCR with the oligos mes-4aaa check 1 and mes-4aaa check 2 
followed by digestion with PstI, since the mutated sequence included the 
recognition of this restriction enzyme. Mutant alleles yield two fragments of 600 
and 400 bp while the wild-type allele produces a single fragment of 1 kbp.  
2.4.2. mes-3(sal26[K37A, E38A, N39A]) 
The KEN-Box motif of MES-3 protein was mutated into triple alanine 
(K37A, E38A, N39A) by CRISPR-Cas9. Microinjection mix consisted of pre-
assembled gRNA-Cas9 complex complexes (Paix et al., 2015): 15 µM tracRNA, 
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6.25 µM of mes-3(aaa)sgRNA 1 (from IDT), 6.25 µM of mes-3(aaa)sgRNA 2 
(from IDT), 0.2 µg/µL of mes3aaa mer (which incorporates mutations K37A, 
E38A, N39A) and 0.5 µg/µL cas9 (from IDT). We also included in the mix the 
co-injection marker based on dpy-10(cn64) (Kim et al., 2014) :2.5 µM of 
sgRNAdpy-10 and 0.05 µg/µl of dpy-10(cn64) mer. After 3 to 4 days, Dpy 
and/or Rol worms were isolated. Mutations incorporate a PstI site. Insertion of 
KEN→AAA mutation was checked by PCR with the oligos mes-3aaa check 1 
and mes-3aaa check 2 followed by digestion with PstI, since the mutated 
sequence included the recognition of this restriction enzyme. Mutant alleles 
yield two fragments of 600 and 400 bp while the wild-type allele produces a 
single fragment of 1 kbp. 
2.4.3. mes-3(sal12[mes-3::GFP + loxP 3xmyc::let-858utr + sqt(d) + 
hs::Cre + hygR^3+ loxP Flag::mes-3UTR]) and mes-3(sal13[mes-
3::GFP + loxP Flag::mes-3UTR]) 
We used the method described in (Dickinson et al., 2015) to label C-
terminus of MES-3 with GFP. N2 were microinjected with a mix containing: 10 
ng/µL of repair template pmes-3::GFP^SEC, 50 ng/µL of psgRNAmes-3, 50 
ng/µL of peft-3::cas9-SV40_NLS::tbb-2utr and a cocktail of plasmids coding for 
extrachromosomal markers (10 ng/µL of pGH8, 2.5 ng/µL of pCFJ90 and 5 
ng/µL of pCFJ104).  
Repair template, pmes-3::GFP^SEC, was constructed as follows. First, 1 
kbp-homology arms flanking stop codon of mes-3 were amplified by PCR with 
high fidelity polymerase Q5 and purified by gel. 5’ homology arm was amplified 
with oligos 5 arm mes3 fw and 5 arm mes3 rev. 3’ homology arm was amplified 
with oligos 3 arm mes3 fw and 3 arm mes3 rev. On the other hand, plasmid 
pDD285 was digested with AvrII and SpeI enzymes (Dickinson et al., 2015) and 
assembled with 5’ and 3’ homology arms to generate pmes-3::mkate^SEC. For 
reaction assembly, we used NEBuilder HiFi DNA assembly mix (from NEB). 
5µL of assembly product was transformed into E. coli DH5-α and incubated 
overnight at 37ºC. Colonies transformed with desired pmes-3::mkate were 
analyzed with appropriated restriction enzymes  
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Cas9-sgRNA target site was chosen as described in (Dickinson et al., 
2015). Plasmid coding for guide RNA (gRNA) directed against the 3’ end of 
mes-3 was obtained as follows. Two PCRs were carried out using in both cases 
pU6::unc-119_sgRNA as DNA template. For the first PCR we used oligos 
CRISP3 and sgRNA mes-3 rev, while in the second reaction oligos CRISP4 and 
sgRNA mes-3 dir. Both amplicons, 500 bp and 350 bp, respectively, were gel 
purified in 50 µL of final volume. Then, fragments were annealed by preparing a 
mix containing 40 µL of each fragment, 20 µL of buffer Q5, 2 µl of dNTPs and 2 
µl of Q5. A 20 cycles-Q5-PCR program was run. The resulting fragment of 800 
pb were purified by gel and inserted into pJET1.2, generating psgRNAmes-3 
plasmid. 
Microinjected worms were grown during 3 days at 25ºC. Then, 
hygromycin was added at a final concentration of 250 µg/mL per plate. After 
several days, we obtained hygromycin resistant worms that were roller (Rol) as 
well (phenotype included in hygro-resistant cassette (Dickinson et al., 2015)). 
We isolated 5 worms from every dish and checked out by PCR both extremes 
of the insertion. Left side was checked out with oligos 5 ext mes3 and GFP sec 
rev, while the right side with oligos Hygro 1 and 3 ext mes-3 (Fig 2.1). Cre-Lox 
induction upon 32ºC heat-shock 2 hours allows the excision of the cassette, 
coupling GFP with the mes-3 3’ UTR. We isolated 5 L1-L2 larvae, heat-shocked 
them and looked for among the F1 non-roller worms. Excision of the cassette 
was confirmed by PCR with oligos GFP Utr dir and 3 ext mes-3, which produce 
a fragment of 1.1 kpb only when Lox recombination has taken place. 




Figure 2.1. Insertion of GFP in mes-3 C-terminus (C-t). mes-3 was tagged at its C-t with GFP 
followed by an excisible cassette (Dickinson et al., 2015). This cassette codes for phenotypic 
markers Hygro R and Sqt-1, which gives hygromycin resistance and roller (Rol) movility, 
respectively. Induction of Cre recombinase by heat shock leads to Lox sites recombination and 
cassette excision, leaving mes-3::GFP in frame with its own 3’UTR. Oligos 5 ext mes3 and gfp 
seq rev on one side and oligos Hygro1 and 3 ext mes3, on the other side, were used to check 
the left and right side of insertion, respectively. Cassette excision was confirmed with oligos 5 
ext mes3 and 3 ext mes3 on one side, and oligos gfp utr dir1 and 3 ext mes3, on the other side.  
2.4.4. mes-3(sal13[mes-3(K37A, E38A, N39A)::GFP^3xFlag::mes-
3UTR]) 
This allele was constructed using the same method as the followed with 
mes-3(sal26) but using worms already carrying the mes-3(sal29) allele. 
2.4.5. mes-3(sal28[mes-3::tbb2UTR + unc-119 (+)]) I) 
We created a mes-3 allele under the control of tbb-2 3’UTR by CRISPR. 
EG8080 strain was microinjected with a mix that contained an in vitro pre-
assembled gRNA-Cas9 complex (Paix et al., 2015): 15 µM tracRNA (from IDT), 
15 µM mes-3sgRNA (from IDT), 0.5 µg/µL cas9 (from IDT) and 0.1 µg/µL of 
repair template pmes-3tbb2utr(unc-119+). 
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2.4.6. mes-3(sal29[mes-3::GFP::tbb2UTR + unc-119 (+)]) I) 
mes-3 gene was C-t tagged with GFP and put under the control of 
heterologous tbb-2 3’UTR by means of CRISPR-Cas9. Universal MosSCI 
EG8080 strain was microinjected with a mix that contained an in vitro pre-
assembled gRNA-Cas9 complex (Paix et al., 2015): 15 µM tracRNA (from IDT), 
15 µM mes-3sgRNA (from IDT), 0.5 µg/µL cas9 (from IDT) and 0.1 µg/µL of 
repair template pmes-3GFPtbb2utr(unc-119+). 
pmes-3GFPtbb2utr(unc-119+) was constructed as follows. Plasmids 
pGFP FRT Hygro and pmes-3cherry were digested with SfiI. Then, 3.8 kpb 
fragment from pGFP FRT Hygro and 4.9 kpb fragment from pmes-3 cherry were 
ligated, generating pmes-3GFPtbb2utr(hygro) plasmid. Next, hygromycin-
resistant cassette marker was changed by unc-119 (+) complementation 
marker. 
2.4.7. fzr-1 (sal19) 
A full-length deletion of the ORF of fzr-1 was achieved by CRISPR-Cas9. 
Microinjection mix consisted of pre-assembled gRNA-Cas9 complex complexes 
(Paix et al., 2015): 15 µM tracRNA, 6.25 µM of fzr-1sgRNA 1 (from IDT), 6.25 
µM of fzr-1sgRNA 2 (from IDT) and 0.5 µg/µL cas9 (from IDT). We also 
included in the mix the co-injection marker based on dpy-10(cn64) (Kim et al., 
2014): 2.5 µM of sgRNAdpy-10 and 0.05 µg/µL of dpy-10 mer. Repair template 
was not supply in order to activate the direct ligation of both extremes by Non-
homologous End Joining (NHEJ). Deletion of fzr-1 was checked by PCR with 
oligos check fzr1.1/check fzr1.2 and the PCR product obtained was sequenced. 
The mutation was maintained balanced with mnl1. 
2.4.8. Construction and insertion of a fzr-1-expressing transgene 
A sequence containing 3.5 kbp upstream of fzr-1 start codon (which 
includes fzr-1 promoter, Pfzr-1), fzr-1 ORF and 0.83 kbp downstream stop 
codon (that codes for fzr-1 3’ UTR) were included in pMosII vector and named 
pMosPfzr-1::fzr-1::3’UTR fzr-1. This plasmid was obtained as follows. First, 
Pfzr-1 was amplified with Q5 polymerase using oligos prom fzr1 fw and prom 
fzr-1 rev, which include a MscI site in the 5’ end and an AscI site in the 3’ end. 
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This 3,5 kbp fragment was inserted in pJET1.2. Then, promoter of mex-5 from 
pPmex-5::fzr-1::SL2::cherry was interchanged by Pfzr-1 after double digestion 
with MscI and AscI, yielding pPfzr-1::fzr-1::SL2::cherry. Next, plasmids pPfzr-
1::fzr-1::SL2::cherry and pJET 2last exons fzr-1::3’UTR were digested with AfeI 
and SbfI, producing, respectively, a 12.4 kbp and 1.4 fragments that were 
ligated, originating pMosPfzr-1::fzr-1::3’UTR fzr-1. 
pMosPfzr-1::fzr-1::3’UTR fzr-1 was microinjected in Universal MosSCI 
strain EG8082 for insertion in chromosome V (Frøkjær-Jensen et al., 2012, 
Frøkjaer-Jensen et al., 2008). Microinjection mix included: 50 ng/µL of 
pMosPfzr-1::fzr-1::3’UTR fzr-1, 50 ng/µL of pCFJ601 (coding for transposase) 
and a cocktail of plasmids coding for extrachromosomal markers (20 ng/µL of 
pGH8, 20 ng/µL of pMA122, 5 ng/µL of pCFJ90 and 10 ng/µL of pCFJ104). 
Non-unc worms were checked for transgene insertion using oligos MosLIN and 
MosIILout. 
2.4.9. Construction and insertion of an inducible fzr-1-expressing 
transgene based on ribozyme-tetracycline system (fzr-1::rbz) 
We made use of a previously reported system for inducible gene 
expression (Wurmthaler et al., 2019). Briefly, this system consists of a ribozyme 
sequence inserted downstream in frame with the gene of interest. An unstable 
mRNA is produced due to self-cleavage of ribozyme, precluding its translation. 
After tetracycline addition, ribozyme activity is blocked, generating a stable 
mRNA that is translated (Fig 2.2). Ribozyme sequence was inserted into 
plasmid pMosPfzr-1::fzr-1::3’UTR fzr-1. Two DNA fragments of 0.84 kbp and 
0.99 kbp were obtained after amplifications with oligo pairs RBZ-1 and RBZ-2, 
and RBZ-3 and RBZ-4, respectively. DNA template was extracted from JPM139 
strain using Q5 polymerase. Oligos RBZ-2 and RBZ-3 include the sequence of 
the ribozyme. Both PCR-amplifed fragments were annealed. The resulting 1,78 
kbp fragment was cloned into pJET1.2 and named pJET fzr-1 rbz. Ribozyme 
was inserted into plasmid pMosPfzr-1::fzr-1::3’UTR fzr-1  after double digestion 
with AfeI and SpeI both, pMosPfzr-1::fzr-1::3’UTR fzr-1  and pJET fzr-1 rbz. 
Resulting plasmid was named pMosPfzr-1::fzr-1::rbz::3’UTR fzr-1. 
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pMosPfzr-1::fzr-1::rbz::3’UTR fzr-1 was microinjected in Universal 
MosSCI strain EG8081 for insertion in chromosome IV (Frøkjær-Jensen et al., 
2012, Frøkjaer-Jensen et al., 2008). Microinjection mix included: 50 ng/µL of 
pMosPfzr-1::fzr-1::3’UTR fzr-1, 50 ng/µL of pCFJ601 (coding for transposase) 
and a a cocktail of plasmids coding for extrachromosomal markers (20 ng/µL of 
pGH8, 20 ng/µL of pMA122, 5 ng/µL of pCFJ90 and 10 ng/µL of pCFJ104). 
Non-unc worms were checked for transgene insertion using oligos MosRIN and 
MosIIRout. 
2.4.10. Construction and insertion of an inducible putative phospho-
null fzr-1-expressing transgene based on ribozyme-tetracycline 
system (fzr-18)::rbz) 
We ordered a synthetic DNA coding for a putative phospho-null version 
of fzr-1, fzr-1(8A). In this version of fzr-1, all sites phosphorylated by cdk/cyclin 
described so far, were mutated into alanines (8A) (The et al., 2015) (Fig 2.2). 
First, fzr-18A was inserted into plasmid pMosPfzr-1::fzr-1::3’UTR fzr-1  after 
double digestion with AscI and AfeI both, pMosPfzr-1::fzr-1::3’UTR fzr-1  and 
fzr-18A, obtaining pMosPfzr-1::fzr-1(8A)::3’UTR fzr-1. Next, ribozyme sequence 
was inserted into plasmid pMosPfzr-1:: fzr-1(8A)::3’UTR fzr-1  after double 
digestion with AfeI and SpeI both, pMosPfzr-1:: fzr-1(8A)::3’UTR fzr-1  and 
pJET fzr-1 rbz. Resulting plasmid was named pMosPfzr-1:: fzr-
1(8A)::rbz::3’UTR fzr-1. 
pMosPfzr-1::fzr-1::rbz::3’UTR fzr-1 was microinjected in Universal 
MosSCI strain EG8081 for insertion in chromosome IV like in previous sections. 
 
 




Figure 2.2. Inducible expression of fzr-1 and putative phospho-null fzr-1 transgenes with 
ribozyme-tetracycline system. A. Inducible expression of a gene of interest (goi) by a 
tetracycline-dependent ribozyme switch (Wurmthaler et al., 2019). A ribozyme coding sequence 
is located between goi ORF and 3’ UTR. In absence of tetracycline, goi is transcribed followed 
by ribozyme, which self-cleavages, generating an unstable mRNA, which is not translated. 
Tetracycline inactivates ribozyme and allows goi to be expressed. B.  Ribozyme-tetracycline 
system was adopted to generate an inducible fzr-1 transgene. C. Putative phospho-null fzr-1 
transgene under the control of ribozyme-tetracycline system. Sites phosphorylated by 
cdk/cyclins along FRZ-1 were described in (The et al., 2015). 
2.4.11. Bipartite transgenic system used for marking somatic gonad 
cells  
Plasmids pMosPhlh-12cre pMosPlin-32cre were inserted in EG8080 
Universal Mos strain and  pMosPceh-22cre in Universal Mos strain EG8082. On 
the other hand, plasmid pMosPrps27::lox::hygro::lox::cherry was inserted in 








Figure 2.3. Bipartite transgenic system used for marking somatic gonad cells.  The first 
part of the system consists of a Cre recombinase under the control of promoters that are 
expressed in somatic gonad cells: Pceh-22, Plin-32 and Phlh-12. Once activated, Cre activates 
recombination of Lox sites in the second part of this bipartite system. After lox recombination, 
Hygro R cassette is eliminated, leaving Cherry in frame with housekeeping promoter Prps-27. 
Thereby, Cherry is expressed specifically in some cells of somatic gonad. 





Table 3. C. elegans strains
CB1423 him-6 CGC
DG1575 tnIs6 [lim-7::GFP + rol-6(su1006)] CGC
EG8082 unc-119(ed3) III; oxTi365 V CGC
JK2049 qIs19 [lag-2p::GFP::unc-54 3'UTR + rol-6(su1006)] V CGC
EG8080 oxTi444 unc-1198ed3) III CGC
EG8081 unc-119(ed3) III; oxTi177 IV CGC
JPM54 lin-35(n4760)/hT2g I;III MT15488, JK3025
JPM76 mes-4(sal9[mes-4::mGFP::mes-4 utr]) V JPM75
JPM36 gld-3(q730) nos-3(q650)/ mIn1[mIs14 dpy-10(e128)] 
II; rrf-1
JK3182, NL2098
JPM42 pgl-1(sal1[pgl-1::GFP + FRT hpt FRT]) JPM21
JPM78 mes-4(sal11[mes-4(K10A, E11A, N12A)::mGFP::mes-
4 utr]) V
JPM77









JPM93 mes-3(sal12[mes-3::GFP^3xmyc::let-858utr + sqt(d) + 
hs::Cre + hygR^3xFlag::mes-3UTR]) I
CRISPR in N2
Table 3. C. elegans strains (cont)
JPM122 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; pgl-
1(sal1[pgl-1::GFP + FRT hpt FRT])  IV 
JPM42, JPM117
JPM129 mes-3(sal15[mes-3(K37A, E38A, 
N39A)::GFP^3xFlag::mes-3UTR]) I
CRISPR in JPM135
JPM117 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II CRISPR in N2
JPM118 mIn1[mIs14 dpy-10(e128)] II/ + N2,  JPM36
JPM135 mes-3(sal13[mes-3::GFP^3xFlag::mes-3UTR]) JPM93
JPM139 salSi43 [Pfzr1::fzr1::fzr1UTR + unc-119(+)] V MOS in EG8082
JPM131 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; qIs19 [lag-
2p::GFP::unc-54 3'UTR + rol-6(su1006)] V
JK2049, JPM117
JPM132 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; rdIs2 [ehn-
3a::GFP + rol-6(su1006)] V
RA45, JPM117
JPM148 mes-3(sal15[mes-3(K37A, E38A, 
N39A)::GFP^3xFlag::mes-3UTR]); mes-4(sal11[mes-
JPM78, JPM129
JPM157 fzr-1(sal19) /mIn1 (II); him-5(e1490) (V) JK3437, JPM117
JPM143  fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; salSi43 
[Pfzr1::fzr1::fzr1UTR + unc-119(+)] V
JPM117, JPM139
JPM145 fzr-1(sal19)/ mIn1[mIs14 dpy-10(e128)]  II; tnIs6 [lim-
7::GFP + rol-6(su1006)]. 
DG1575, JPM117
JPM166 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; SalSi44 
(Pfzr1::fzr1::RBZ::fzr1UTR + unc-119(+)) IV
JPM117, JPM161
JPM171 him-5 (V) N2, JPM157
JPM160 SalSi44 (Pfzr1::fzr-1::RBZ::fzr1UTR + unc-119(+)) IV; 
qIs19 [lag-2p::GFP::unc-54 3'UTR + rol-6(su1006)] 
JK2049,
JPM165 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; wIs78 
[SCMp::GFP + ajm-1::GFP + F58E10 (cosmid) + unc-
RG733, JPM117
JPM174 fzr-1(sal19) /mIn1 (II); ccIs444 [arg-1::GFP + dpy-
20(+)] IV
JPM157, PD4443
JPM175 fzr-1(sal19) /mIn1 (II); him-5(e1490) (V); ccIs444 [arg-
1::GFP + dpy-20(+)] IV
JPM157, PD4443
JPM172 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; qIs19 [lag-
2p::GFP::unc-54 3'UTR + rol-6(su1006)] V; him-6 IV
CB1423, JPM131
JPM173 qIs19 [lag-2p::GFP::unc-54 3'UTR + rol-6(su1006)] V; 
him-6 IV
CB1423, JPM131
JPM179 salSi45 (Hyg Pfzr1::fzr1(8A)::RBZ::fzr1 UTR) IV MOS in EG8081
JPM180
fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; salSi45 
(Hyg Pfzr1::fzr1(8A)::RBZ::fzr1 UTR) IV JPM117, JPM179
JPM176 him-5(e1490) (V); ccIs444 [arg-1::GFP + dpy-20(+)] IV JPM157, PD4443
JPM177
fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; him-
8(e1489) IV; ezIs1 [K09C8.2::GFP + pRF4] X JPM117, DZ224






JPM181 salSi45 (Hyg Pfzr1::fzr1(8A)::RBZ::fzr1 UTR) IV; 
qIs19 [lag-2p::GFP::unc-54 3'UTR + rol-6(su1006)] V
JK2049, JPM179
Table 3. C. elegans strains (cont)
JPM185 SalSi44 [Pfzr-1::fzr-1::RBZ::fzr-1UTR + unc-119(+)] IV MOS in EG8081
JPM188 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; SalSi44 
(Pfzr1::fzr1::RBZ::fzr1UTR + unc-119(+)) IV; qIs19 
JPM166, JPM173
JPM182 SalSi46 [Prps27::lox::hygro::lox::cherry] IV MOS in EG8081
JPM183 fzr-1(ku298) unc-4(e120) II; mes-4(sal9[mes-
4::mGFP::mes-4 utr]) V
MH1829, JPM76
JPM196 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; salSi45 
(Hyg Pfzr1::fzr1(8A)::RBZ::fzr1 UTR) IV; qIs19 [lag-
 JPM173, JPM180
JPM197 mes-4(sal25[mes-4(K10A, E11A, N12A)]) CRISPR in N2
JPM189 salSi46[Prps27::lox::hygro::lox::cherry] IV; salSi47 
[Pceh22:.cre] V
JPM204, JPM182
JPM191 mes-3(sal13[mes-3::GFP^3xFlag::mes-3UTR]) I; fzr-
1(ku298) unc-4(e120) II
JPM135, MH1829
JPM205 salSi48[Phlh12::cre] III MOS in EG8080
JPM206 SalSi49[Plin32::cre] III MOS in EG8080
JPM198 mes-3(sal26[mes-3(K37A, E38A, N39A)]) I, mes-
4(sal11[mes-4(K10A, E11A, N12A)::mGFP::mes-4 
JPM78, JPM228
JPM204 SalSi47 [Pceh22::cre] V MOS in EG8082
JPM209 SalSi50 [Pfzr1::fzr1(8A)::RBZ::fzr1 UTR] V MOS in EG8082
JPM210 fzr-1(sal19) /mIn1 (II); SalSi48[Phlh12::cre] III; 
SalSi46 [Prps27::lox::hygro::lox::cherry] IV 
JPM157, JPM208
JPM207 SalSi49[Plin32::cre] III; SalSi46 
[Prps27::lox::hygro::lox::cherry] IV 
JPM182, JPM206
JPM208 SalSi48[Phlh12::cre] III; SalSi46 
[Prps27::lox::hygro::lox::cherry] IV 
JPM182, JPM205
JPM221 fzr-1(sal19)/ mIn1[mIs14 dpy-10(e128)]  II; tnIs6 [lim-
7::GFP + rol-6(su1006)]; SalSi48[Phlh12::cre] III; 
JPM210, JPM145
JPM222 fzr-1 (sal19)/ mIn1[mIs14 dpy-10(e128)] II; 
SalSi48[Phlh12::cre] III; SalSi46 
JPM210, JPM131
JPM213 qIs19 [lag-2p::GFP::unc-54 3'UTR + rol-6(su1006)] V; 
syIs50 [cdh-3::GFP + dpy-20(+)
JPM181, JPM149
JPM214 salSi45 (Hyg Pfzr1::fzr1(8A)::RBZ::fzr1 UTR) IV; 
qIs19 [lag-2p::GFP::unc-54 3'UTR + rol-6(su1006)] V; 
JPM181, JPM149
JPM226 mes-3(sal29[mes-3::GFP::tbb-2 3'UTR + unc-119 (+)] 
I
CRISPR in EG8080
JPM228 mes-3(sal26[mes-3(K37A, E38A, N39A)]) I CRISPR in N2
JPM224 SalSi51(Prps27::lox::hygro::lox::fzr-1) IV MOS in EG8091
JPM225 mes-3(sal28[mes-3::tbb-2 3'UTR + unc-119 (+)] I CRISPR IN EG8080
JPM229
SalSi48[Phlh12::cre] III; SalSi46 
[Prps27::lox::hygro::lox::cherry] IV; qIs19 [lag-
2p::GFP::unc-54 3'UTR + rol-6(su1006)] V
JPM208, JPM188






JPM231 mes-3(sal30[mes-3(K37A, E38A, N39A)::GFP::tbb-2 
3'UTR + unc-119 (+)] I
JPM241  mes-4(sal25[mes-4(K10A, E11A, N12A)]) V; lin-
15B(n744) X
Table 3. C. elegans strains (cont)
JPM229 SalSi48[Phlh12::cre] III; SalSi46 
[Prps27::lox::hygro::lox::cherry] IV; qIs19 [lag-
JPM208, JPM188
MT2495, JPM197
JPM242 mes-3(sal26[mes-3(K37A, E38A, N39A)]) ; mes-
4(sal25[mes-4(K10A, E11A, N12A)]); lin-15B (n744) X
MT2495
JPM246 mes-3(sal31[mes-3(K37A, E38A, N39A)::tbb-2 3'UTR 
+ unc-119 (+)] I
CRISPR in JPM225
CRISPR in JPM226
JPM233 SalSi52 [Psth-1::GFP + unc-119 (+)] V MOS in EG8002
JPM240 mes-3(sal26[mes-3(K37A, E38A, N39A)]) I; lin-
15B(n744) X
MT2495, JPM228 
JPM249 lin-35(n4760) I;mes-4(sal25[mes-4(K10A, E11A, 
N12A)]) V
JPM54, JPM247
JPM250 mes-3(sal26[mes-3(K37A, E38A, N39A)]); lin-
35(n4760) I
JPM54, JPM247
JPM247 mes-3(sal26[mes-3(K37A, E38A, N39A)]) I; mes-
4(sal25[mes-4(K10A, E11A, N12A)]) V
JPM197, JPM228 
JPM248 fzr-1(sal19) /mIn1 (II); SalSi48[Phlh12::cre] III; 
SalSi46 [Prps27::lox::hygro::lox::cherry] IV; SalSi52 
JPM210, JPM233
MT2495 lin-15B(n744) X CGC
N2 Wild-type Bristol CGC
JPM251 mes-3(sal26[mes-3(K37A, E38A, N39A)]); lin-
35(n4760) I; mes-4(sal25[mes-4(K10A, E11A, N12A)]) 
JPM54, JPM247
MH1829 fzr-1(ku298) unc-4(e120) II CGC
RG733 wIs78 [SCMp::GFP + ajm-1::GFP + F58E10 (cosmid) 
+ unc-119(+) IV
CGC
PD4443 ccIs444 [arg-1::GFP + dpy-20(+)] IV CGC
RA45 rdIs2 [ehn-3a::GFP + rol-6(su1006)] V CGC








MosL II OUT GTTTACAGAAAGACATTTGAGAATGGC
Mes4check-1 CCAACGCTGCATCTTTCGTTCAAAAGTGT
Mes4check-2 ATAGTACGATTAAAAAGAATGAGGGCACTG
mes3 nested fw TTGAATTGCCCATGGTTCGATATAAGCAAT
mes3aaa check 1 ATCGCGCCGAGACCCGCGTATTCTAAC










GFP check lox CAATCGGAGACGGACCAGTCCTCCTCCCAG
gfp SEC rev AGTGAACAATTCTTCTCCTTTACTCAT
GFP utr DIR GGAATCACCCACGGAATGGACGAGCTC
5 ext FZR1 Nt TTATCATGAATCTCTTGGTTTGAAGAG
5 ext mes3 TAAAATTAATGTCAAAATATAGAAAAACAC
AGGGTTACTGTAGGATTACTGTAGTTTGGA3 ext mes3
5 arm mes3 fw ACGTTGTAAAACGACGGCCAGTCGCCGGCAACTCAAAAAATGTCCTGGAAGTTGCTG







3 arm mes3 fw CGTGATTACAAGGATGACGATGACAAGAGATGATTATCCCCTTTTTTCCTTGTATCTTT
3 arm mes3 rev GGAAACAGCTATGACCATGTTATCGATTTCCGAATTGTCGAAAATTCGGAAATACGA
3 ext fzr1 AACTTTTAACGGAAAATATTGGAACAG
5 arm mes3 rev CATCGATGCTCCTGAGGCTCCCGATGCTCCATTAGAAGATGGTATATCTCGTTGGCG










Utr mes3 check AGAATTGCCACCCACCACGATTTGGTATAG
RBZFZR-4 GATTACGCCAAGCTACGTAATACGACTCAC
sgRNA mes-3 direct GGGATAATCTAATTAGAAGAGTTTTAGAGCTAGAAATAGCAAGTTAA



















































































3.1. MES-3 is a target of APC/CFZR-1 
Previous work done in our laboratory described that MES-4 is a target of 
APC/CFZR-1, and that mutation of its sole KEN box abolished the ability of 
APC/CFZR-1 to degrade the protein (Rivera-Martín S, 2018). In the germline, 
MES-4 is present at distal mitotic nuclei, barely detectable in the early-to mid-
pachytene region, and up-regulated in later pachytene and oocytes (Fong et al., 
2002). In the mutant allele lacking the KEN box (mes-4(AAA)), the MES-4::GFP 
signal appeared uniform throughout the germline. This distribution was also 
observed in fzr-1 silenced germlines and in gonads from fzr-1(ku298) worms 
(Fig. 3.1).  
 
Figure 3.1. MES-4::GFP is expressed throughout the entire germline in fzr-1(ku298). A. Control 
germline expresses MES-4::GFP protein in distal an proximal region, while its levels drop in pachytene 
(n=7). B. In germline of fzr-1(ku298) mutants, MES-4 expression is observed throughout the entire 
germline (n=9). DAPI-stained germlines are shown in every panel. Asterisks (*) indicate the distal tip of 
germline. Scale bar: 50 µm. 
Strikingly, the absence of APC/CFZR-1-mediated degradation of MES-4 
seemed to have not a big impact on the fertility of C. elegans. We have 
analyzed the brood size of worms carrying KEN-less versions of MES-4 (tagged 
or not with GFP), and we observed a decrease of roughly 10% in fertility of both 




                  
Figure 3.2. Mutation of KEN-Box motif of mes-4 has low impact on fertility. mes-4::GFP and mes-
4(AAA) show a 10% decrease in fertility levels compared to N2. However, mes-4(AAA)::GFP is  as fertile 
as N2. Fertility assay were carried out at 20ºC *= p value<0.05. **= p value<0.01. 
These results suggested a minor role in the degradation of MES-4 by 
APC/CFZR-1. However, MES-4 plays a primordial role in the maintenance of 
germline (Garvin et al., 1998), and FZR-1 seems to have an essential role in the 
fertility of worms (Fay et al., 2002). These observations prompted us to wonder 
whether the mild effects in mes-4(AAA) could be caused by the existence of 
additional targets for APC/CFZR-1 in the germline, which scheduled degradation 
by APC/CFZR-1 compensated for the absence of MES-4 degradation.  
We have searched for the presence of APC/C signatures (KEN and 
Destruction boxes) in proteins with regulatory roles in the germline, using the 
GPS-ARM algorithm (Liu et al., 2012). Appealingly, we have found in the amino 
acid sequence of MES-3 the presence of a KEN box (K37, E38, N39). MES-3 
forms, together with MES-2 and MES-6, the C. elegans version of the widely 
conserved Polycomb repressive complex 2 (PRC2) (Bender et al., 2004b). 
Interestingly, PRC2 cooperated with MES-4 in the maintenance of the germline 
(Gaydos et al., 2012), abounding in our original idea of some genetic 
redundancy to explain the absence of effects in the mes-4(AAA) mutants. 
To address if MES-3 is targeted by APC/CFZR-1, we constructed by 




analyzed the distribution of the GFP signal through the gonad, and found that it 
was similar to the distribution described previously using immunostaining with 
anti-MES-3 antibodies: it was present in distal mitotic nuclei, undetectable in the 
pachytene region, and present in the proximal meiotic region (Fig. 3.3A). We 
have found that this allele behaves similarly to a wild-type allele concerning the 
fertility of the worms (Fig. 3.3B).  
 
Figure 3.3. mes-3::GFP is a functional allele expressed in distal and proximal germline. A. Extruded 
and DAPI-stained germline showing MES-3::GFP expression in distal an proximal region. Previous results 
based on inmunohistochemistry also detected MES-3 in distal an proximal germline (Xu et al., 2001). 
Asterisks (*) indicate the distal tip of germline Scale bar: 50 µm B. Allele mes-3::GFP is slightly, but 
significantly, more fertile than N2. **= p value<0.01. 
We have examined the distribution of the MES-3::GFP fusion protein in 
gonads from fzr-1(ku298) mutants and fzr-1 silenced worms (Fig. 3.4). 
Encouragingly, we have found that in these conditions, it was possible to 
observe the presence of GFP signal in the early pachytene region. This result 
suggests that similarly as we have described for MES-4, the distribution of 






Figure 3.4. Polycomb subunit MES-3 invades pachytene region upon depletion of FZR-1 levels or 
activity. A. Control RNAi germlines express MES-3 protein in distal an proximal region, while its levels 
drop in pachytene (n=9) (left panel). fzr-1 silenced worms express MES-3 throughout the entire germline 
(n=9) (right panel). B. The same extension of MES-3 expression is observed in germlines of fzr-1(ku298) 
mutants (n=9). Control germline is shown in left panel (n=9). DAPI stained germlines are shown in every 
panel. Asterisks (*) indicate the distal tip of germlines. Scale bar: 50 µm. 
To determine whether MES-3 was a direct target of APC/CFZR-1, we 
exchanged the amino acids composing the KEN-box with alanine residues at 
the endogenous mes-3 locus. In line with the assumption of MES-3 being a 
direct target of APC/CFZR-1 we have found that the mutant allele lacking the KEN 
box (mes-3(AAA)) recapitulates the gonad distribution observed in fzr-1 






Figure 3.5. APC/CFZR-1 targets MES-3 through its KEN-box. MES-3 contains a KEN-box motif in its N-
terminal sequence, (K37, E38, N39), a motif recognized by APC/CFZR-1.  Mutation of KEN-box motif into 
triple alanine (K37A, E38A, N39A) yields expression of MES-3 in the entire germline. Left panel shows 
expression of MES-3::GFP in germline of control strain (n=13). Right panel shows expression through the 
germline of mes-3(AAA)::GFP (n=10). Both panels also include DAPI-stained germlines. Asterisks (*) 
indicate the distal tip of germlines. Scale bar: 50 µm. 
3.2. APC/CFZR-1 and regulatory signals at the mes-3 3´UTR 
collaborate to restrict the presence of MES-3 protein at 
early pachytene 
The absence of MES-3 at early pachytene stage was previously 
attributed to translational repression mediated by GLD-1, which recognizes 
mes-3 3’ UTR (Xu et al., 2001). One appealing possibility is that the inhibition of 
mRNA translation collaborates with the APC/CFZR-1-mediated degradation to 
maintain MES-3 out from early pachytene region. To address this possibility, we 
have constructed worms carrying an endogenous mes-3::GFP allele in which 
we exchanged its native 3’UTR with the 3’UTR from tbb-2 gene, which is 
considered an ubiquitous UTR and is not repressed by GLD-1 (Wright et al., 
2011). We have also combined the mes-3(AAA) allele with the alternative tbb-2 
3’ UTR.  
We have observed that the levels of MES-3::GFP in the gonad when the 
mes-3 mRNA was controlled by tbb-2 3’UTR were lower than those observed 





Figure 3.6. MES-3 levels are reduced after exchanging its 3’ UTR by tbb-2 3’UTR. Extruded and 
DAPI-stained germlines. mes-3 3’ UTR was exchanged by ubiquitously expressed tbb-2 3’ UTR. Analysis 
of MES-3::GFP expression revealed a decrease in GFP expression compared to control mes-3::GFP.  
Asterisks (*) indicate the distal tip of germline Scale bar: 50 µm. 
In any case, upon internal adjusting the intensity levels, we were able to 
compare the levels of fluorescence between the distal region and the early 
pachytene region in the distinct allele combinations (Fig 3.7). We have found 
that exchanging mes-3 3’UTR with tbb-2 3’UTR resulted in the invasion of early 
pachytene by the GFP signal, in agreement with the observations made by (Xu 
et al., 2001). The ratio between the levels observed in mitotic region versus 
early pachytene were lower than the ratio observed when the mes-3(AAA)::GFP 
allele was analyzed (Fig. 3.7). When both changes (3’UTR and mutation of KEN 
box) were combined in a single allele, the drop of the GFP signal in the early 
pachytene region was absent (Fig. 3.7), supporting the idea that both elements 






Figure 3.1.7. MES-3 protein levels decay in pachytene through the combined action of GLD-1 and 
APC/CFZR-1. A. MES-3 pattern of expression in germlines of (from top to bottom) : mes-3::GFP, mes-
3(AAA)::GFP, mes-3::GFP::tbb-2 3’utr and mes-3(AAA)::GFP::tbb-2 3’utr. Degradation of MES-3 through 
APC/CFZR-1 was avoided by mutating the KEN-box recognition motif of MES-3 into triple alanines. 
Translational repression of mes-3 by master regulator GLD-1 was relieved after interchanging mes-3 3’utr 
by tbb-2 3’utr. Repressions of GLD-1 and APC/CFZR-1 were avoided simultaneously in  mes-
3(AAA)::GFP::tbb-2 3’utr. Distal end (*D) and proximal end (*P). Scale bar: 50 µm. B. MES-3 expression 
was quantified along germlines of mes-3::GFP (n=13), mes-3(AAA)::GFP (n=10), mes-3::GFP::tbb-2 3’utr 
(n=9)  and mes-3(AAA)::GFP::tbb-2 3’utr  (n=7). Plots represent normalized intensity values of GFP versus 
normalized germline length. Both variables were converted into percentage (%). GFP was quantified from 
distal end to diplotene region. For every point, error bars represent the standard deviation. The decay of 
GFP intensity levels in pachytene region (Δ) was calculated by subtracting the maximum intensity value 
(%) in distal region to the minimum value (%) in pachytene region.  
3.3. The absence of degradation of MES-3 by APC/CFZR-1 
dramatically affects fertility 
We have analyzed the brood size of worms carrying the mes-3(AAA) 
allele. We have observed that mes-3(AAA) worms showed around 30% of the 




tagged with GFP (mes-3(AAA)::GFP) showed no decrease in fertility compared 
to N2 worms (Fig. 3.8).  
 
Figure 3.8. KEN-less mes-3 allele, mes-3(AAA), yields fertility defects. mes-3(AAA) suffers a 30% 
decrease in fertility levels compared to N2. However, mes-3(AAA)::GFP has a wild-type fertility levels, 
indicating that GFP masks fertility defects associated with KEN mutation. Fertility assay were carried out at 
20ºC  **= p value<0.01. ***= p value<0.001. 
In principle, this dramatic difference between the GFP-tagged and the 
untagged mutant alleles could be attributable to some negative effect of the 
GFP moiety to the activity of MES-3. However, it is worth remembering that the 
presence of GFP in an otherwise wild-type mes-3 allele seems to have no 
apparent effect in fertility, which suggest that the presence of GFP do not affect 
the proposed activity of MES-3 in germline. We played with the idea that the 
absence of degradation of MES-3(AAA) by APC/CFZR-1 located this protein 
(either complexed or not with the rest of PRC2 components) in places where in 
wild-type conditions should not be, and that this mis-localization promoted 
unscheduled interactions with some cell components that resulted in the 
impaired fertility. It could be possible that these unscheduled interactions are 
sensitive to the presence of the GFP moiety, explaining the absence of 
detrimental effects when analyzed the GFP-tagged mes-3(AAA) allele.  
We have combined the mes-3(AAA) allele with mes-4(AAA) alleles 
(either carrying or not the GFP fusion) (Fig. 3.9). Strikingly, we have observed 
that the presence of the non-degradable version of MES-4 (mes-4(AAA)) 




From these results we have extracted two conclusions. The first one 
concerned the suppression of the fertility defects of MES-3(AAA) in mes-
3(AAA), mes-4(AAA) double mutants. This suppression could be attributed to 
the previously described antagonism between MES-4 and PRC2 complex in 
germline (Gaydos et al., 2012). By a not yet identified molecular mechanism, 
MES-4 restricts the presence of PRC2 in autosomes, focusing its repressive 
activity on the X chromosome. It may well be that in worms carrying the mes-
3(AAA) allele, the absence of degradation by APC/CFZR-1 resulted in the 
unscheduled invasion of genomic regions that somehow affects the fertility of 
the worms. However, in worms carrying mes-3(AAA)  and mes-4(AAA) alleles, 
the concurrent presence of MES-4(AAA) restricted the invasion of these regions 
by MES-3(AAA).  
 
Figure 3.9. mes-4(AAA) alleviates fertility defects associated with mes-3(AAA). The decrease in 
fertility levels in mes-3(AAA) are suppressed by mes-4(AAA) but not by mes-4(AAA)::GFP. Fertility assay 
were carried out at 20ºC.  **= p value<0.01. ***= p value<0.0001.  
The second conclusion concerns to the effects of GFP tagging in the 
activity of MES-3(AAA) and MES-4(AAA). In both cases, the presence of GFP 
moiety seems to inactivate the observed effect in fertility of mes-3(AAA) 
(detrimental) and mes-4(AAA)  (protective) worms. However, as we noted 
above, the presence of the GFP tag seemed not to affect the activity of the wild-
type alleles in both cases, at least with respect to fertility and the distribution of 




both cases the presence of GFP hinders the interaction with some common 
target, which could be the responsible for the observed defects in fertility.  
3.4. The gonads of mes-3(AAA) worms yield defective eggs 
We were curious about the reasons for the drop in fertility observed in 
mes-3(AAA) worms. The possibility that this drop was caused by a limited 
production of sperm (due to a defective spermatogenesis) was discarded 
because the defect persisted even when exogenous sperm is provided from 
wild-type males (Fig. 3.10).  
 
Figure 3.10. Exogenous sperm does not increase fertility levels of mes-3(AAA). Each point 
represents the total progeny yielded by a single mes-3(AAA) hermaphrodite mated with ten N2 males. For 
control experiment, N2 hermaphrodites were crossed with N2 males. Progeny of N2 x N2 and mes-3(AAA) 
x N2 were counted until the seventh day, when mes-3(AAA) hermaphrodite ceased to produced offspring. 
Fertility assay were carried out at 20ºC. ***= p value<0.0001.  
We have also analyzed the gonads from hermaphrodite worms carrying 
non-degradable versions of mes-3 and mes-4 (without GFP tags), looking for 
any clue to explain the decrease in fertility observed in mes-3(AAA) worms. In 
all cases, germlines have a normal appearance. However, in adults carrying the 
mes-3(AAA) allele, we have observed the presence of defective eggs. Of 
interest, these defects were lost when the mes-3(AAA) allele was combined 
with mes-4(AAA) (Fig. 3.11). These observations showed a clear correlation 
with the fertility data, pointing that the reason for the drop on fertility could be 





Figure 3.11. mes-3(AAA) mutants produce aberrant eggs. The presence of mes-4(AAA) decreases 
to wild-type levels the frequency of these defective eggs. A. Table summarizing the percentage of 
worms containing defective eggs among different strains. (B, C and F). Representative images showing 
normal eggs within the uterus. (D and E). Representative images of mes-3(AAA) worms containing 
aberrant eggs. Scale bar: 50 µm. 
3.5. The invasion of pachytene region could be responsible 
of fertility defects of mes-3(AAA) 
In previous sections, we have proposed that the observed defects in 
fertility of mes-3(AAA) worms could be explained by the unscheduled invasion 
of genomic regions when MES-3 was not degraded by APC/CFZR-1. We also 
proposed that the concurrent presence of MES-3(AAA) and MES-4(AAA) 
somehow could mitigate this occupation. The only gonadal region which 
occupation by MES-4 and MES-3 is dramatically affected by the activity of 
APC/CFZR-1 seems to be the early pachytene. This region of the gonad is 
particularly appealing to explain the above-mentioned defects in eggs. In the 
germline, maternal messengers are transcribed from leptotene through 
pachytene and they are kept inactive through pachytene by the action of GLD-
1, which binds and represses translation of these mRNA transcripts (Lee and 




transcripts essential for oocyte and zygote development, and defects in its 
transcription resulted in severe sterility (Chi & Reinke, 2006). It could be well 
that the presence of MES-3(AAA) in pachytene (without the counterbalanced 
role of MES-4) resulted in some sort of stochastic repression, which in some 
cases could affect genes required for oocyte and zygote development. To add 
further support to this idea, we took advantage of our previous observation that 
exchanging the native 3’ UTR region of mes-3 with the tbb-2 3’UTR, MES-3 
also invades the pachytene region. Therefore, we have analyzed the fertility as 
well as the presence of defective eggs in worms carrying the tbb-2 3’UTR as 
well as the KEN mutation. To our deception, the invasion of pachytene by the 
presence of alternative UTR does not resulted in a decrease in fertility (Fig. 
3.12). However, the fact that the presence of this alternative UTR seemed to 
alleviate the defects associated to the mes-3(AAA) allele, and the observation 
that the levels of protein were lower than those observed in a wild-type allele 
(Fig. 3.6), open the possibility that the absence of effect could be related to low 
levels of protein. 
3.6. LIN-35 and LIN-15B seems to interact distinctly with the 
non-degradable mes alleles 
Genetic analyses have shown that the role of MES proteins on the 
regulation of germline genes is antagonized by a group of transcriptional 
regulators, among which highlights the transcriptional regulator DREAM 
complex (EFL-1, DPL-1, LIN-35, LIN-9, LIN-37, LIN-52, LIN-53, LIN-54) 
(Coustham et al., 2006, Harrison et al., 2006, Wu et al., 2012) and LIN-15B, a 
THAP domain DNA binding protein, which have been implicated in the silencing 
of germline genes in somatic (Lee et al., 2017). These genetic studies suggest 
that competition between the MES chromatin modifiers and the DRM and LIN-
15B ensures the proper expression of genes in soma and germline. 
It is possible that MES-3(AAA) somehow outcompetes the basal levels of 
DRM and/or LIN-15B, and consequently the expression of some genes required 
for fertility were affected. One manner to address this possible explanation was 
to test whether it was possible to suppress the fertility defects of mes-3(AAA) by 




known, there are no gain-of-function alleles of these complexes. Then, we 
opted for an opposite manner to address possible genetic interactions between 
these complexes and our mutant alleles. We have combined loss-of-function 
alleles in DREAM (using lin-35) and lin-15B with mes-3(AAA) and mes-4(AAA) 
Interestingly, we have found two different behaviors in these combinations. In 
the case of lin-35, we have observed a severe drop in fertility levels of the 
double mutant mes-3(AAA); lin-35 that was alleviated to lin-35 levels when the 
mes-4(AAA) allele was present (Fig. 3.13A).  
 
Figure 3.13. mes-3(AAA) and lin-35 contribute to fertility defects probably through independent 
mechanisms. A. mes-3(AAA) and lin-35 single mutants suffer fertility defects. Fertility levels of mes-
3(AAA); lin-35 double mutants are lower than the respective single mutants. mes-4(AAA) allele dos not 
affect fertility levels of lin-35. However, in lin-35; mes-3(AAA); mes-4(AAA) triple mutants, fertility levels 
increase to those of lin-35. Fertility assay were carried out at 20ºC. ***= p value<0.0001. B. Table 
summarizing the percentage of worms containing defective eggs among different strains. Results from N2 
and mes-3(AAA) were included from figure 2.1.11 A for comparative purposes. lin-35 mutant yields a 
similar percentage of defective eggs than N2, indicating that sterility defects of mes-3(AAA) and lin-35 
stem from different origins. 
Analysis of the frequency of defective eggs shows that the percentage of 
aberrant eggs does not increase in mes-3(AAA); lin-35 double mutants 




interaction regarding fertility between mes-3(AAA) and lin-35 does not correlate 
with the appearance of defective eggs (Fig. 3.13B). 
In the case of lin-15B, however, there is an additive effect with the 
distinct mes-3(AAA)  and mes-4(AAA) alleles (Fig. 3.14). It is remarkable that 
fertility defects and the frequency of aberrant eggs, as well, in mes-3(AAA) are 
partially alleviated in mes-3(AAA); lin-15B double mutants. 
 
Figure 3.14. lin-15B alleviates fertility defects of mes-3(AAA). A. lin-15B mutant in combination  with 
mes-3(AAA), mes-4(AAA) or mes-3(AAA); mes-4(AAA) double mutants, reduces its fertility levels. It is 
noteworthy that lin-15B partially alleviates mes-3(AAA) fertility defects. Fertility assay were carried out at 
20ºC.  **= p value<0.01. ***= p value<0.000. ns: no significant 1B. Table summarizing the percentage of 
worms containing defective eggs among different strains. Results from N2 and mes-3(AAA) were included 
from figure 2.1.11 A for comparative purposes. In agreement with fertility results, lin-15B diminishes in 
mes-3(AAA) the percentage of worms carrying defective eggs.   
3.7. fzr-1(sal19) allele is a complete deletion of the fzr-1 
coding sequence 
To unveil the roles played by APC/CFZR-1 in C. elegans development, we 
sought to construct an allele carrying a full deletion of the fzr-1 ORF using 
CRISPR technology. For that, we have combined two sgRNA, one designed to 




against the stop codon of fzr-1 ORF. The concurrent action of Cas9 complexes 
carrying the two sgRNAs removed the entire ORF, leaving a double-strand 
break (DSB) that, upon repair using the NHEJ pathway, resulted in a deletion of 
the entire ORF. We microinjected in N2 worms a mix consisting of Cas9 
complexes loaded with the sgRNAs designed against fzr-1 ORF. We have 
included in the injected mix the co-injection marker based on dpy-10(cn64). 
From plates showing a high frequency of roller and dumpy worms, we analyzed 
single worms using primers flanking the expected fzr-1 deletion (Fig. 3.15). We 
have isolated two independent alleles, which were sequenced. Finally, we 
chose the one that showed the expected borders, fzr-1(sal19). After 
backcrossing several times worms carrying this allele, we have found that it was 
not possible to obtain fertile fzr-1(sal19) homozygous worms, suggesting an 
essential role of FZR-1. To facilitate the handle of these worms, we kept the fzr-
1(sal19) allele in heterozygosis with the aid of mIn1, a balancer for chromosome 
II. 
 
Figure 3.15. fzr-1 ORF was deleted by CRISPR-Cas9. A. Two Cas9-gRNA complexes directed against 
start and stop codon released fzr-1 ORF. The DSB generated was repair by NHEJ, generating a null allele 
of fzr-1, fzr.1(sal19). B. Deletion of fzr-1(sal19) was confirmed by PCR with flanking oligos check fzr-1 1 





3.8. fzr-1(sal19) develop into sterile hermaphrodites 
We analyzed whether heterozygous fzr-1(sal19)/mIn1 produce viable 
homozygous fzr-1(sal19) among their progeny. We have observed that fzr-
1(sal19)/mIn1 produce progeny of the three possible genotypes: fzr-
1(sal19)/mIn1, mIn1/mIn1 and fzr-1(sal19)/ fzr-1(sal19) almost following the 
expected mendelian inheritance (50% fzr-1(sal19)/mIn1, 25% mIn1 and 25% 
fzr-1(sal19)) (Fig 3.16). Homozygous fzr-1(sal19) hermaphrodites reach 
adulthood but present several defects. We found that they were unc, sometimes 
showed super coil movements, and developed a protruding vulva. However, the 
most obvious phenotype was that they were sterile: fzr-1(sal19) adults do not 
possess a line of eggs within the uterus, never lay eggs, and showed no 
progeny at all (Fig 3.17).  
 
Figure 3.16. fzr-1(sal19)/mIn1 yields viable homozigous fzr-1(sal19)/fzr-1(sal19) following a 
mendelian inheritance. Frequency (%) of genotypes segregated among F1 progeny by Po control 
wt/mIn1 (white columns) versus Po fzr-1(sal19)/mIn1 (green columns). One wt/mIn1 (Po) or fzr-
1(sal19)/mIn1 (Po) was added per dish. A total of, approximately, 100 F1s (≥ L3 stage) were counted per 
dish (n=10) and classified according to their genotype: homozigous mIn1/mIn1 posses a green pharynx 
and are dumpy, heterozygous wt/mIn1 or fzr-1(sal19)/mIn1 have a green pharynx and homozigous wt/wt 
or fzr-1(sal19)/ fzr-1(sal19) do not possess a green pharynx nor are dumpy. Error bars indicate the 





To directly assign the observed defects from worms carrying fzr-1(sal19) 
to a loss-of-function of this allele, we have tried to complement these defects 
with an ectopic wild-type fzr-1 allele. For that, we have constructed an ectopic 
copy of fzr-1, including its native promoter and its 3' UTR to be inserted at 
Universal MosCI for chromosome V. The fzr-1(sal19) worms carrying the 
inserted ectopic copy of fzr-1 were indistinguishable from wild-type worms 
concerning fertility levels (Fig 3.17) and the other observed defects (Unc, 
Pvl/Evl), confirming that the deficiencies were exclusively attributed to the 
absence of fzr-1 function.	  	  
 
Figure 3.17. fzr-1(sal19) mutants are sterile. A. Fertility assay for N2 (n=9), fzr-1(sal19) (n=40) and fzr-
1(sal19); SalSi43 (n=8). fzr-1(sal19) mutants are sterile. Complementation with rescuing transgene 
SaliS43, which expresses Pfzr-1::fzr-1::3’UTR fzr-1, restores fertility of fzr-1(sal19). Error bars indicate the 
standard error of mean (SEM). ns, no significant. B. Representative DIC images of mid bodies of gravid N2 
(upper image), fzr-1(sal19) with protruding vulva and no eggs (middle image) and fzr-1(sal19); salSi43, 
which is indistinguishable from N2 (lower image). Scale bar: 50 µm. 
We have also isolated fzr-1(sal19) males. In addition to the sterility 
phenotype, we have observed that the male tail showed an abnormal 






Figure 3.18. Somatic gonadal cells of fzr-1(sal19) males are properly specified. A. Control male tail 
features rays (arrow). B. fzr-1(sal19) male tail miss rays. him-5 allele was utilized  to get males easily. 
Scale bar: 20 µm.  
3.9. fzr-1(sal19) hermaphrodites failed to form gonadal 
arms. 
To address the reasons for fertility defects in fzr-1(sal19), we have 
analyzed the gonad morphology in these mutant worms (Fig 3.19A).  
 
Figure 3.19. fzr-1(sal19) hermaphrodites fail to extend gonadal arms. (A & B). DAPI-stained young 
adult hermaphrodites. Gonads are outlined. A. Control N2 with two gonadal arms. B. fzr-1(sal19) mutants 
usually lack gonadal arms (upper image). In few occasions, fzr-1(sal19) produces gonads (middle and 
lower images). C. Frequencies (%) of worms with none, one or two gonadal arms, for both N2 (n=58) and 
fzr-1(sal19) (n=166). Bars represent the average of three independent experiments. Error bars indicate 




Hermaphrodite wild-type gonads were composed of two U-shaped 
gonads However, most fzr-1(sal19) hermaphrodites lacked both gonadal arms. 
Only a small percentage (20%) of mutants showed one gonadal arm (more 
frequently the posterior arm), and more scarcely (1%) two gonadal arms (Fig 
3.19B and C).  
C. elegans possesses different gonad development programs depending 
on sex. These different programs are linked to the distinct gonad structure in 
hermaphrodite and male. Hermaphrodites contain two U-shaped gonads, and 
males possess one J-shaped gonad (Fig 3.20A). We have also analyzed male 
fzr-1(sal19) worms for the presence of gonads. In order to get males easily, we 
combined fzr-1(sal19) with him-5 (him stands for High Incidence of Males), 
which yields roughly 30 % of male progeny. Strikingly, all fzr-1(sal19) male 
analyzed carried gonads consisting of a single elongated arm indistinguishable 
from control gonads (Fig 3.20B and C). To discard him-5 affecting the effects of 
lack of FZR-1 function in gonad development, we have collected randomly 
appearing males from fzr-1(sal19) and analyzed by DAPI staining their gonads. 
Coherently, we have also observed elongated gonadal arms in these cases.  
 
Figure 3.20. fzr-1(sal19) males develop an extended J-shaped gonadal arm. (A-B). DAPI-stained 
young adult males. Gonads are outlined. A. Control (him-5) male gonad. B. fzr-1(sal19); him-5 always 
contains a J-shaped gonadal arm. C. Frequencies (%) of control (him-5) (n=60) and fzr-1(sal19);him-5 
males (n=52) with extended or disorganized. Bars represent the average of three independent 




We have tried to address at which stage the gonadal development was 
impaired in hermaphrodites. Germline developed from two primordial germ cells 
(PGCs), named Z2 and Z3. We followed germline development from L1 to adult. 
We have used the germline reporter PGL-1:: GFP. PGL-1 is a component of the 
P-granules, which was necessary to maintain germ identity by regulating 
transcripts (reviewed in (Updike & Strome, 2010)). Figure 3.21 shows the 
progression of germline development comparing control and fzr-1(sal19) 
worms. We have found that Z2 and Z3 were present in L1 fzr-1(sal19) worms. 
Indeed, we have observed no differences at L1 and L2 stages between N2 and 
fzr-1(sal19) worms with respect germlines. However, once fzr-1(sal19) reached 
L3, differences emerged. From this point, control gonads elongated, but in fzr-
1(sal19), the gonads were composed of very few enlarged germline cells that 
seemed to be arrested. In these worms, no typical gonad structure appears, 
and the scarce germline was packed in the center of the worm (Fig 3.21E and 
F). 
 
Figure 3.21. fzr-1(sal19) produces Primordial Germ Cells (PGCs) that fail to produce extended 
germlines. A-F. Germ cells express pgl1::GFP reporter. A & B. PGCs are indicated by arrows in control 
and fzr-1(sal19) L1, respectively. C & D. Germline is outlined in control and fzr-1(sal19) L2, respectively. E 
& F. Germline development from L3 to young adults in controls and fzr-1(sal19). n>10. A-D. Images 





 Figure 3.21. Cont 
3.10. Hermaphrodite fzr-1(sal19) worms were defective in 
distal tip cell formation. 
Germ cell maintenance and germline extension rely on a particular cell, 
the Distal Tip Cell (DTC), which acts as a stem-cell niche. DTCs maintain germ 
cell identity by extending processes on germline, secreting Notch ligands that 
activate the Notch pathway in germ cells (Byrd et al., 2014). Also, DTCs can 
migrate, leading the outgrowth of gonads. We played with the idea that the 
observed defects in germ cell division and gonad extension in fzr-1(sal19) could 
be attributed to defects in DTCs. To analyze DTCs within fzr-1(sal19), we used 
the Notch Ligand reporter lag-2::GFP (Blelloch et al., 1999). We have found that 
fzr-1(sal19); lag2p::GFP adults lacked one or both DTCs (Fig. 3.22). We have 
observed that the frequency of worms lacking gonadal arms (Fig. 3.19.) 
correlates with the frequency of worms showing the absence of DTC, 
suggesting that defects in DTC are behind the inability to produce gonad 
development. We synchronized fzr-1(sal19); lag2p::GFP and let them grow to 1-
day-old adults. Then, with the help of a dissecting scope, they were split into 
those with none, one, and two DTCs. Next, they were DAPI stained, revealing 
that worms without DTC never elongated gonadal arms. Worms with one or two 
DTCs had one or two gonadal arms, respectively (Fig. 3.23). Finally, we 




could yield progeny. So, we have isolated L4 fzr-1(sal19); lag2p::GFP with one 
or two DTCs and let them grow until they die. None of them had progeny nor 
laid eggs.  
 
Figure 3.22. fzr-1(sal19) miss DTCs. A. Control strain JK2049 expresses DTC marker lag2-p::GFP. Both 
DTCs are indicated. B. fzr-1(sal19) misses DTCs (upper and middle images). Rarely, fzr-1(sal19) 
produces two DTCs (lower image). Images from A and B are a merge between Nomarsky and lag-2p::GFP 
signal. C. Frequencies (%) of young adult worms with none, one or two DTCs, for both control and fzr-
1(sal19). Bars represent the average of three independent experiments. Error bars indicate SD. For every 
experiment, DTCs from n>40 were counted using a dissecting scope. Scale bar: 20 µm.  
Because fzr-1(sal19) males showed an extended gonad, we were 
curious about whether male DTC (mDTC) was produced. Males also contain 
two DTCs, which were located together at the single gonad's distal part. 
Because in mDTCs the lag2p::GFP signal have been reported to be faint, we 
choose the brighter arg-1p::GFP reporter (Large & Mathies, 2010) and 
constructed fzr-1(sal19); him-5; arg-1p::GFP strain. We counted the number of 
mDTC per worm. In agreement with the presence of single-arm gonads in fzr-
1(sal19) males, we observed the presence of 2 DTCs per gonad (Fig. 3.24).  
In summary, we have found that the absence of FZR-1 resulted in a high 
frequency of absence of DTC in hermaphrodites, but seemed not to affect the 
formation of mDTC. In any case, despite the presence of male gonads or 





Figure 3.23. DTCs produced in fzr-1(sal19) lead gonadal elongation. A. Control strain JK2049 (lag-
2p::GFP) produce two DTCs that elongate one gonadal arm each (B). (C and D). fzr-1 often miss both 
DTCs. When produced, DTCs always lead gonadal arm elongation in fzr-1(sal19). Indiviuals fzr-1(sal19) 
missing both DTCs (C, upper image),  never extended gonadal arms (D, upper image). fzr-1(sal19) 
mutants with one DTC contain (C, middle image) one gonadal arm (D, middle image). fzr-1(sal19) that 
produce both DTCs (C, lower image), develop two U-shaped gonads (D, lower image). Scale bar: 50 µm.  
 
 
Figure 3.24.  fzr-1(sal19) males produce mDTCs. A. Control males produce two mDTCs observed with 
reporter arg-1::GFP (n=43). B. fzr-1(sal19); arg-1::GFP  males produce two mDTCs (n=41). (A.B). In order 
to get males easily, him-5 allele was utilized. Scale bar: 20 µm.  
3.11. Somatic gonad primordium was formed in fzr-1(sal19) 
DTCs are part of a complex organ named somatic gonad. Briefly, this 




co-develops with germline, enveloping it and leading its outgrowth. 
Spermatheca and uterus are also components of the somatic gonad. The origin 
of all cells that compose the somatic gonad could be traced back to two founder 
cells, the somatic gonad precursors (SGPs) Z1 and Z4. We have analyzed 
whether a defect in SGPs formation caused the absence of DTCs observed in 
fzr-1(sal19) worms. As a reporter of SGPs, we have used ehn3p::GFP, which is 
expressed in Z1 and Z4 (Welchman et al., 2007). Worms were synchronized, 
and hatched L1 larvae were analyzed. We have observed that both Z1 and Z4 
are present in fzr-1(sal19), (Fig. 3.25) indicating that the absence of SGPs does 
not explain the lack of DTCs. Moreover, Z1 and Z4 in fzr-1(sal19) worms 
seemed to locate ventrally. It has been reported that these correct position is 
necessary to ensure the formation of DTCs. Mutants in hnd-1, ehn-3, and 
SWI/SNF components, which often generate misoriented Z1 or Z4, also 
resulted in DTCs absence (Large & Mathies, 2010, Large & Mathies, 2014, 
Mathies et al., 2003). 
  
 
Figure 3.25. fzr-1(sal19) produces SGPs, founder members of somatic gonad. A. Control strain RA45 
expresses ehn-3p::GFP transgene, which marks SGPs in L1 (n=20). B. fzr-1(sal19); ehn3p::GFP produces 
both SGPs (n=28). L1 larvae were collected after synchronization by treatment with bleaching solution. 
Scale bar: 20 µm.  
3.12. The absence of DTCs in fzr-1(sal19) cannot be 
explained by defects in the Wnt pathway. 
Previous results showed that, at early stages, SGPs and PGCs are 
produced in fzr-1(sal19), indicating that a proper gonadal primordium was 
formed (Z1, Z2, Z3, and Z4). To form the somatic gonad, the SGPs achieved a 




outcome of these asymmetric-cell divisions was determined by the non-
canonical Wnt pathway. To produce DTCs, each SGP is submitted to 2 cell 
division rounds. In the first round, Z1 (Z4) resulted in two cells, Z1a (Z4p) 
receiving Wnt signal and Z1p (Z4a) without the Wnt signal. The second round of 
division from Z1a (Z4p) resulted in DTC (receiving Wnt signal) and blast 
somatic gonad cell (not receiving Wnt signal). In other words, the formation of 
DTC from SGP required an active Wnt pathway. Since there was a previous 
report in Drosophila linking the Wnt pathway and APC/CFzr1, we wondered 
whether the observed defect in DTC formation was due to a defective Wnt 
pathway in the absence of FZR-1 function. 
The non-canonical Wnt pathway that regulates the somatic gonad 
formation in C. elegans relies on the nuclear ratio of its two central regulators: 
SYS-1 (β-catenin) and POP-1 (TCF). The heterodimer SYS-1/POP-1 acts as a 
transcriptional activator of genes downstream Wnt, while monomeric POP-1 
behaves as a repressor of transcription. Distal cells, where the Wnt pathway is 
active, showed a high ratio SYS-1/POP-1 in the nucleus. On the contrary, 
proximal cells, which do not receive Wnt signal, maintain a low ratio SYS-
1/POP-1. The analysis of nuclear levels of a GFP: POP-1 fusion has been 
reported as a straightforward manner to determine the activity of the Wnt 
pathway in Z1/Z4 daughters (Siegfried et al., 2004). We have tried this 
approach using worm strains carrying this fusion protein. However, in our 
hands, we were unable to detect GFP::POP-1 fluorescence associated with 
Z1/Z4 cells even in control worms, although we detected nuclear GFP 
fluorescence later in development (Fig. 3.26). Because of our inability to 
address the Wnt activity directly in SGPs, we tried to accumulate pieces of 
evidence about how the Wnt pathway operated in fzr-1(sal19). Mutations 
affecting the Wnt pathway in C. elegans resulted in the D-P axis's loss in the 
somatic gonad. As a consequence, supernumerary proximal cells are produced 
at the expense of most distal cells. For instance, malfunction of the Wnt 
pathway resulted in extra anchor cells (AC, which was generated from the more 
proximal cell lineage that never received Wnt signaling) at the expense of other 





Figure 3.26. Expression of GFP::POP-1 from transgene qIs74 was not detected before L3. A. L1 
showing no GFP::POP-1 expression in gonad (dashed lines). B. Vulval precursor cells (VPCs) and uterine 
cells expressing GFP::POP-1  from L3 larva. Scale bar: 20 µm.  
 
To analyze whether extra anchor cells are produced in fzr-1(sal19), as 
indirect evidence of defective Wnt signaling, we introduced the AC reporter 
zmp-1::GFP (Inoue et al., 2002) in fzr-1(sal19) worms. Extra anchor cells were 
never detected (Fig. 3.27).  
 
 
Figure 3.27. fzr-1(sal19) hermaphrodites produce one anchor cell (AC) and  fzr-1(sal19) males 
produce one linker cell (LC). A. Control strain PS3239 expresses zmp-1::GFP transgene, which marks 
AC during L3 (n=46). B. fzr-1(sal19); zmp-1::GFP produces one AC (n=68). Non-extended gonad is 
outlined. ACs were analyzed in synchronized L3 larvae. C. LC could be observed with lag-2::GFP till L4 
(n=30). D. fzr-1(sal19); lag-2p::GFP males produce one LC (n=10). Scale bar: 20 µm. 
Wnt pathway also regulates male somatic gonad development. As its 




do not have a leader function, which relies on Linker cell (LC). Wnt male 
mutants produce extra LC. The LC could be observed until the L4 stage as a 
rounded cell that positively expresses lag2p::GFP reporter. We never found 
extra LC in fzr-1(sal19);lag2p::GFP; him-6 male worms, supporting a functional 
Wnt pathway in fzr-1(sal19) worms again (Fig 3.27). 
The non-canonical Wnt-asymmetry pathway is also involved in other 
asymmetric division, leading to different fates between both daughter cells, such 
as the seam cells. During larval development, seam cells undergo asymmetrical 
divisions as Z1 and Z4 did. Seam cell asymmetric divisions rely on the same 
Wnt components that participate in the somatic gonad. However, seam cell 
divisions follow the anterior-posterior (A-P) axis instead of D-P. So, after a seam 
cell divides, the anterior daughter (which does not receive Wnt signal), 
differentiates into a hypodermal cell. The posterior daughter receives the Wnt 
signal and maintains its seam identity. When the Wnt pathway is impaired, the 
number of seam cells dramatically decreases (Gleason & Eisenmann, 2010). 
We have scored the number of seam cells in wild type and fzr-1(sal19) adults, 
using scm-1p::GFP as a reporter for seam cells(Fig. 3.28). 
 
 
Figure 3.28. seam cells are not affected in fzr-1(sal19). Representative images of control strain RG733 
expressing seam cell reporter scm-1p::GFP (A) and fzr-1(sal19);scm-1p::GFP (B). In both cases, more 
than ten young adult worms were analyzed. Scale bar: 50 µm. 
 
 We did not find significant differences between controls and fzr-1(sal19) 
regarding the seam cell number. This result indicated that the asymmetric-wnt 




In summary, although we cannot discard that the Wnt pathway in Z1 and Z4 
was affected in the absence of FZR-1, we have shown pieces of evidence 
supporting the idea that Wnt pathway was operative in fzr-1(sal19) worms, and 
that most likely, the impairment in DTC formation observed in hermaphrodites 
was unrelated to defective Wnt pathway. 
3.13. The absence of DTCs is a consequence of cell lineage 
alterations in fzr-1(sal19) 
Distinct reasons could cause a lack of DTCs in fzr-1(sal19) adults. One 
possible reason is an incomplete DTC cell fate acquisition by Z1aa and Z4pp. 
This lack of completeness could be affecting the expression of some genes, 
including lag-2. In this case, despite cells that acquire the DTC fate, they were 
non-functional to sustain germline. Besides, it was impossible to detect these 
cells because we were using a lag2p::GFP reporter. A second explanation is 
that Z1aa and Z4pp differentiate into cell types other than DTCs. Finally, a third 
manner of explaining this absence assumes that DTCs die during the 
differentiation process in the absence of FZR-1 function.  
To address some of these possibilities, we have constructed a lineage 
tracing system for DTC. It consists of a bipartite transgene expression system 
(Fig. 3.29). We introduced this bipartite reporter system under the control of 
Phlh-12 in fzr-1(sal19)/mIn1 worms (Fig. 3.30). 
 
 
Figure 3.29. Schematic representation of a bipartite transgenic system cell lineages with cherry 
(Px::cre; rps-27p::lox::hygro::lox::cherry) . In the first part, a Cre recombinase is expressed under the 
control of hlh-12, lin-32 or ceh-22 promoters. When activated, Cre induces lox sites recombination, 





Figure 3.30. fzr-1(sal19) gonads that miss DTCs  express Cherry marker for DTC cell lineage A. 
Extended gonads of control fzr-1(sal19)/mIn1 contain two DTCs that express the reporter lag-2p::GFP.  
Bipartite transgenic system marks specifically both DTCs with Cherry. B. Non-elongated gonads of fzr-
1(sal19) which miss lag-2p::GFP signal  from DTCs are positive for Cherry expression. C. The scarce fzr-
1(sal19) worms that elongate one gonadal arm show a clear DTC expressing both GFP and cherry. The 
other half of the gonad, which does not have a DTC (no lag-2p::GFP signal), contain many Cherry-positive 
cells . Worms are outlined with white lines. Gonads are outlined with dashed lines. Scale bar: 20 µm. 
 
We have observed than in heterozygous animals, a bright red signal was 
observed, associated to lag-2:GFP signal. Strikingly, in homozygous fzr-
1(sal19) lacking lag-2:GFP fluorescence, it was possible to observed a cluster 
of cells showing red fluorescence in the abnormal gonads (Fig. 3.30B). For that 
rare fzr-1 (sal19) worms showing one well-formed gonad, we have found cherry 
fluorescence exclusively associated to DTC (assessed by lag-2::GFP signal) in 
that gonad, while the other abnormal gonad with no lag2::GFP signal (i. e. not 
producing DTC) showed the cell cluster mentioned above  (Fig. 3.30C).  
Careful analysis of the morphology of the cell cluster expressing Cherry 




processes that resembled those present on sheath cells. Moreover, other 
clusters presented and accordion-like structure characteristic of spermatheca 
(Fig. 3.31).  
 
Figure 3.31. Non-DTC cells expressing Z1aa/Z4pp reporter in fzr-1(sal19) gonads resemble sheath 
and spermatheca cells. A & B. Upper images show non-extended gonads of fzr-1(sal19) (bright field). A. 
In lower image, cells that express Z1aa/Z4pp reporter (hlh-12p::cre; rps-27p::lox::hygro::lox::cherry) exhibit 
a sheath cell-like morphology. B. In lower image, clusters of cells expressing Z1aa/Z4pp reporter present 
an accordion-like structure, as spermatheca cells.  Worms are outlined with white lines and gonads with 
discontinuous lines. Scale bar: 20 µm. 
This observation suggested that the cell destined to be DTC appears to 
acquire a distinct cell fate. The appealing possibility prompted us to analyze 
whether these cells expressing Cherry also expressed markers of sheath cells. 
We have used lim-7::GFP, which marks 8 of the 10 total sheath cells present 
per gonad (the two more proximal sheath cells do not express this marker) 
(Voutev et al., 2009). Encouragingly, we have found a partial overlap between 
the cherry signal and the lim-7::GFP fluorescence (Fig. 3.32). We noticed that 
the pattern of expression of lim-7::GFP in fzr-1(sal19) worms is highly 
disorganized, which can be explained because the organization of sheath cells 
occurred on a well-developed germline and the germline from fzr-1(sal19) 
worms is malformed. Furthermore, we analyzed if cells expressing cherry also 
express spermatheca markers. To address this possibility, we used the sth-




have also found an overlap between cherry and sth-1p::GFP signals (Fig 3.33). 
The sth-1p::GFP signal also describes an irregular pattern in fzr-1(sal19) and 
partial overlapping. However, the lack of total overlap between sth-1p::GFP or 
lim-7::GFP signal and cherry signal can be explained keeping in mind that 
during somatic gonad formation, a cluster of blast cells with different origins 
(among them the sister cell from DTC, Z1ap or Z4ap) produced both sheath 
cells and spermatheca.. Altogether, these results can be explained by assuming 
that in the absence of FZR-1 function, the cell destined to be DTC (Z1aa) 
acquires the cell fate of its sister (Z1ap) and therefore was used to produce 






Figure 3.32. Signal from Z1aa/Z4pp reporter partially overlaps with sheath cell reporter lim-7::GFP 
in fzr-1(sal19).A-D. Control strain expressing Z1aa/Z4pp reporter (hlh-12p::cre; rps-
27p::lox::hygro::lox::cherry) and sheath cell reporter lim-7::GFP. Only one gonadal arm is shown. A. 
Control gonad under bright field. B. Sheath cells, which express lim-7::GFP reporter,  are wrapping the 
germline. C. Expression of Z1aa/Z4pp reporter is activated in DTCs. D. Merge from Z1aa/Z4pp reporter 
and sheath cell reporter lim-7::GFP shows no overlap between both signals. E-F. Non-extended gonad of   
fzr-1(sal19) expressing Z1aa/Z4pp reporter (hlh-12p::cre; rps-27p::lox::hygro::lox::cherry) and sheath cell 
reporter lim-7::GFP. E. fzr-1(sal19) malformed gonad under bright field. F. Sheath cells are clustered within 
non-extended gonad of fzr-1(sal19). G. Z1aa/Z4pp reporter is expressed throughout the gonad of fzr-
1(sal19). H. Signal from sheath cell reporter lim-7::GFP and Z1aa/Z4pp reporter partially matches. White 
lines delimit worm’s body. Discontinuous lines outline gonadal arm in control and entire gonad in fzr-







Figure 3.33. Signal from spermatheca reporter sth-1p::GFP partially overlaps with Z1aa/Z4pp 
reporter in fzr-1(sal19). A-D. Control strain expressing spermatheca reporter sth-1p::GFP  and 
Z1aa/Z4pp reporter (hlh-12p::cre; rps-27p::lox::hygro::lox::cherry). Only one gonadal arm is shown. A. 
Bright field of control gonad. B. sth-1p::GFP reporter is expressed in spermatheca. C. DTCs activate the 
expression of Z1aa/Z4pp reporter. D. Merge from Z1aa/Z4pp reporter and spermatheca reporter sth-
1p::GFP shows no overlap. E-F. Non-extended gonad of   fzr-1(sal19) expressing Z1aa/Z4pp reporter (hlh-
12p::cre; rps-27p::lox::hygro::lox::cherry) and spermatheca reporter sth-1p::GFP. E. fzr-1(sal19) malformed 
gonad through bright field. F. sth-1p::GFP expressing cells are located in the centre of fzr-1(sal19) gonad. 
G. Expression of Z1aa/Z4pp reporter is spread along the gonad of fzr-1(sal19). H. Signal from 
spermatheca reporter and Z1aa/Z4pp reporter partially matches. White lines delimit worm’s body. 





3.14. Expression of fzr-1 in Z1aa/Z4pp restores DTC 
production in fzr-1(sal19) 
The capability to promote exclusively the expression of a specific gene (i. 
e. cherry) in the cell destined to be DTC using the described bipartite system 
has allowed us to address whether the role of FZR-1 during the differentiation of 
DTC was cell-autonomous. For that, we have replaced in our bipartite system 
the cherry encoding sequences with the fzr-1 ORF. Once introduced in fzr-
1(sal19) worms, we can promote the exclusive expression of fzr-1 in Z1aa and 
Z4pp cells to address whether they complement the observed defects. In 
agreement with a cell-autonomous role, we have observed tha fzr-1(sal19) 
worms carrying this system were fully rescued in its ability to produce DTCs (Fig 
3.34). 
Figure 3.34. Adaptation of Z1aa/Z4pp reporter system to express fzr-1 restores DTC production in 
fzr-1(sal19). fzr-1 expression was directed by the bipartite system transgene hlh-12p::cre; rps-
27p::lox::hygro::lox::fzr-1 (hlh-12p::cre; lox::fzr-1), that was adapted from Z1aa/Z4pp reporter (hlh-12p::cre; 
rps-27p::lox::hygro::lox::cherry) A-D. DTCs were observed with lag-2p::GFP reporter A. hlh-12p::cre; 
lox::fzr-1 restores DTC production in fzr-1(sal19). DTCs were counted under a dissecting scope. Bars 
represent the mean of two independent experiments with three replicas each (n=40 worms per replica). 
Error bars symbolize SD. B. Control strain JK2049 containing 2 DTCs C. fzr-1(sal19) devoid of DTCs D. 




3.15. The differences in cell fate between Z1aa and Z1ap are 
not attributable to different levels of FZR-1 
Our previous results lead to a working hypothesis explaining the cell fate 
acquisition of Z1aa (Z4pp): in the presence of FZR-1, Z1aa (Z4pp) acquires the 
DTC fate, while its absence induced presumably the SS sister fate. Cell fate 
changes between both sisters have been described previously. Mutations in the 
transcription factors nhr-25 and bet-1 (Asahina et al., 2006, Shibata et al., 2014) 
cause extra DTCs production that arose from converting the posterior cell 
(Z1ap) into DTC. We have reasoned that if the presence of FZR-1 was required 
to acquire the DTC fate, then in fzr-1(sal19) worms, the down-regulation of 
these transcription factors should not result in the production of extra DTC. We 
have silenced nhr-25 and bet-1 in fzr-1(sal19) and control worms carrying 
lag2p::gfp, and in agreement with our educated guess, we have found that no 
DTCs were present (we were expecting at least one per gonad, arising from the 
sister cell Z1ap) (Appendix). 
Our working hypothesis led us to wonder whether differences in FZR-1 
levels could explain the distinct cell fates between Z1aa and Z1ap (i. e. FZR-1 
was present in Z1aa but absent in Z1ap). To address that question, we have 
tried to equalize the levels of FZR-1 in both cells, hoping that the expression of 
FZR-1 in Z1ap will direct its fate towards DTC (i. e. producing extra DTC). For 
that, we have directed the expression of fzr-1, using the bipartite system, 
described in the previous section, coupled to Plin-32 promoter (which promotes 
the Cre-mediated excision in Z1a/Z4p and therefore, constitutive expression of 
fzr-1 in their descendants) instead of the Phlh-12 (that promotes excision 
exclusively in Z1aa). We had found that when this system was activated in N2 
worms, no extra DTC was obtained, suggesting that additional controls aside 
the expression of fzr-1 could be responsible for the proposed role of FZR-1 in 




3.16. A putative phospho-null version of fzr-1 (fzr-1(8A)) 
yields extra DTCs 
Abounding in the idea that FZR-1 activity could determine the distinct cell 
fate of the daughters from Z1a(Z4p), we wondered which kind of regulation 
(aside from gene expression) could be responsible for this differential activity of 
FZR-1 between the two sister cells. In other systems, Cdh1/Fzr1 is controlled by 
two non-excluded manners: either by the binding of the pseudo-substrate 
inhibitor Emi1/Rca1 (Miller et al., 2006) or by Cdk-dependent phosphorylation. 
While no homolog has been described for Emi1 in C. elegans, the 
phosphorylation sites by CDK in FZR-1 were described a few years ago in an in 
vitro phosphorylation assay using CYD-1/CDK-4 (The et al., 2015).  
Modulation of FZR-1 activity by the CDK-mediated phosphorylation is an 
attractive hypothesis to explain the distinct cell fate of the daughters from 
Z1a/Z4p. It has been proposed that the sister cell submitted to final DTC 
differentiation, Z1aa, attached a low level of CDK activity. In contrast, the sister 
cell destined to produce somatic gonad blast cells (Z1ap) remains quiescent 
and eventually re-enters the cell cycle, and it maintains a high-medium level of 
CDK activity (Fujita et al., 2007). It could be well that these differences in CDK 
activity resulted in differences in FZR-1 activity. In that case, the expression of a 
non-phosphorylatable fzr-1 allele will disable the ability of CDK to inhibit FZR-1, 
and therefore it could be predicted that the two daughters from Z1a will be 
committed to the DTC fate (i. e. the worms will have extra DTC). 
Since previous observations concerning the expression of non-
phosphorylatable alleles of Cdh1/Fzr1 in human cell cultures suggested defects 
in cell cycle progression, we have designed a conditional system, based on the 
use of a tetracycline-controlled ribozyme (Wurmthaler et al., 2019) to enable the 
expression of the non-phosphorylatable fzr-1 allele at will. Briefly, the sequence 
encoding the ribozyme was inserted at the 3’ UTR of the gene of interest where 
it self-cleaves the mRNA, precluding its translation and consequently producing 
no protein. After tetracycline addition, the antibiotic binds to a ribozyme, 
disabling self-cleavage and enabling mRNA to be translated and thereby protein 
production (Fig 3.35) .To prove the suitability of this system for conditional 




control (fzr-1::rbz) to be inserted at chromosome IV using the Mos system (Fig 
3.35). Finally, by crosses, we have introduced this insertion in fzr-1(sal19)/mIn1 
worms. We segregate homozygous fzr-1(sal19) worms carrying the fzr-1::rbz 
insertion, and grown in plates with or without 10 µM tetracyclin. We have 
observed that fertility was restored in fzr-1(sal19) fzr-1::rbz worms only when 
tetracycline was added.  
 
Figure 3.35. Putative phospho-null version of fzr-1 (fzr-1(8A) expressed under the control of 
Ribozyme-tetracycline based system. Ribozyme-tetracycline based system for inducible expression was 
adopted to generate inducible transgenes expressing fzr-1 and fzr-1/fzr-1(8A). Ribozyme sequence is 
located between fzr-1/fzr-1(8A) ORF and 3’ UTR. In absence of tetracycline, fzr-1/fzr-1(8A)) is transcribed 
followed by ribozyme, which self-cleavages, generating an unstable mRNA that is not translated. 
Tetracycline inactivates ribozyme and allows fzr-1/fzr-1(8A) to be expressed.  
We have synthesized a non-phosphorylatable fzr-1 allele in which the 8 
described CDK-phosphorylation sites (either Ser or Thr) were substituted with 
Ala residues (fzr-1/fzr-1(8A)) and also carrying the above-described ribozyme in 
its 3' UTR. This mutant allele was introduced at chromosome IV using the Mos 
system. We have obtained heterozygous fzr-1(sal19)/mIn1 worms carrying 
lag2p::gfp and the phospho-null fzr-1 transgene (fzr-1(8A)::rbz) or the wild-type 
version (fzr-1::rbz). We have segregated fzr-1(sal19) in the presence of 




Encouragingly, we have observed that the expression of the phospho-null fzr-1 
resulted in the formation of extra DTCs, which were never observed in the 
control strain carrying the fzr-1 wild-type version (Fig 3.36).  
 
Figure 3.36. Putative phospho-null version of fzr-1 (fzr-1(8A)), insensible to inhibitory cdk 
phosphorilation, renders extra DTCs. A. fzr-1::rbz and fzr-1(8A)::rbz were included in fzr-1(sal19); lag-
2p::GFP background to analyze DTC production. Control strain fzr-1::rbz ; fzr-1(sal19); lag-2p::GFP  does 
not yield extra DTC without tetracycline (0 Tc) nor after induction with tetracycline (+Tc)  . On the other 
hand, in fzr-1(8A)::rbz ; fzr-1(sal19); lag-2p::GFP extra DTCs are observed after induction with tetracycline. 
Synchornized L1 larvae started to feed in media containing 10 µM of tetracycline. Columns represent the 
mean of two independent experiments with three replicas each. Error bars are the SEM. For every replica, 
DTCs from n=40 worms were counted using a dissecting scope. B. Representative image of fzr-1(8A)::rbz 
; fzr-1(sal19); lag-2p::GFP L3 larvae with 2 DTCs that was grown without tetracycline. C & D. 
Representative image of fzr-1(8A)::rbz ; fzr-1(sal19); lag-2p::GFP L3 larvae with 3 and 4 DTCs grown in 
presence of tetracycline. Images are overlapings of DIC and GFP. Scale bar, 50 µm. 
3.17. Most likely, fzr-1(8A) -dependent extra DTC aroses from 
the differentiation of Z1ap to DTC 
The previous result could be explained assuming that the Z1ap (Z4pa) in 
the presence of constitutive FZR-1 activity (i. e. not-repressible by CDK) 




explanations could also apply to these results. The first alternative is that extra 
DTC arose from duplication from DTCs itself. For instance, lin-35 mutants 
showed extra DTCs that arise from the division of already differentiated DTC. 
Furthermore, this phenotype was enhanced by the presence of fzr-1(ku298). 
However, we consider this explanation unlikely for different reasons. In the first 
place, the fzr-1 alleles refractory to CDK-mediated phosphorylation described in 
other systems opposed G1/S transition, which in our case will preclude further 
divisions of DTCs. One possibility is to assume that for some reason, in C. 
elegans, the fzr-1(8A) allele was hypomorphic, and then was unable to oppose 
to G1/S transition. We have found that expression of fzr-1(8A) in worms already 
carrying an endogenous copy of a wild-type fzr-1 also resulted in the presence 
of extra DTC, suggesting a dominance effect more in accord with a gain-of-
function than with a hypomorphic allele (Fig 3.37). Indeed, hypomorphic fzr-
1(ku298) allele alone never renders extra DTCs, only when combined with lin-
35 (Fay et al., 2002). The second evidence against the duplication of DTC as a 
source of extra DTC is the observation that when we have analyzed the 
production of extra DTCs through L3, L4, and adult stages (Fig 3.38A), the 
percentage of worms with extra DTCs did not change. In fact, in the cases 
where extra DTC was present, the maximum DTCs observed per worm were 
four (1 from the DTC, and 1 from the sister cell, kin each gonad). In the cases 
where DTC arises from extra divisions, it could be possible to find more than 
two extra DTC per gonad (Kostić et al., 2003). Finally, we have found that if the 
expression of fzr-1(8A) is induced in L1 larvae, extra DTCs are produced. 
However, if induction occurred 24 hours later, when worms are around L1-L2 
transition, extra DTCs are not detected (Fig 3.38B). Because cell lineages that 
compose somatic gonad are specified between L1-L2 stages, this observation 
suggested that extra DTCs are produced during early somatic gonad 





Figure 3.37. Putative phospho-null version of fzr-1 (fzr-1(8A)) renders extra DTCs even in the 
presence of native fzr-1. A. fzr-1::rbz and fzr-1(8A)::rbz were included in lag-2p::GFP background to 
analyze DTC production. Control strain fzr-1::rbz ; lag-2p::GFP  does not yield extra DTC without 
tetracycline ( 0 Tc) nor after induction with tetracycline (+Tc)  . On the other hand, in  fzr-1(8A)::rbz ;; lag-
2p::GFP extra DTCs are observed after induction with tetracycline. Synchornized L1 larvae started to feed 
in media containing 10 µM of tetracycline. Columns represent the mean of two independent experiments 
with three replicas each. Error bars are the SEM. For every replica, DTCs from n=40 worms were counted 
using a dissecting scope.  
 
Figure 3.38. Extra DTCs are produced during early somatic gonad development in fzr-1(8A). A. 
Synchronized fzr-1(8A)::rbz ; fzr-1(sal19); lag-2p::GFP L1 larvae started to feed in dishes without and with 
tetracycline (10µM):  (0 Tc) and (+Tc), respectively. Extra DTCs were counted at L3, L4 and in young 
adults. The frequency (%) of worms with extra DTCs was the same throughout the different stages. B. 
Synchronized fzr-1(8A)::rbz ; fzr-1(sal19); lag-2p::GFP L1 larvae started to feed in dishes without and with 
tetracycline (10µM):  (0 Tc) and (+ Tc), respectively. In presence of Tc, worms produced extra DTCs, 
which were counted once worms reached adulthood. 24h later, L2 worms from control dishes (0 Tc) were 
changed to new dishes with Tc, but they did not yield extra DTCs. A & B. In both experiments, columns 
represent the mean of two independent experiments with three replicas each. Error bars are the SEM. For 




A second alternative explanation is to assume that, for some reason, the 
presence of the fzr-1(8A) allele is altering the Wnt pathway, and therefore the 
distinct cell lineages were misled. It has been described that overactivation of 
Wnt signaling yields extra DTCs at expenses of AC. We have analyzed the 
number of AC in these worms as an indirect readout of the altered Wnt 
pathway. We have found that worms with extra DTCs always have one anchor 
cell, suggesting that the Wnt pathway is not affected (Fig 3.39).  
 
Figure 3.39. fzr-1(8A) renders extra DTCs that are not produced at the expense of AC. A. Control 
strain produces two DTC and one AC that are observed with reporters lag-2p::GFP and cdh-3::GFP at L3 
stage, respectively. B & C. Induction of fzr-1(8A)::rbz with tetracycline yields extra DTCs that do not affect 
ac production. Arrows point AC. Images are overlapping of DIC and GFP. Scale bar, 20 µm. 
3.18. The Wnt pathway could be controlling APCFZR-1 activity 
by regulating CYE-1 asymmetry 
Altogether these previous results strongly support a working hypothesis 
by which the different levels of CDK phosphorylation of FZR-1 could lead to 
differential activity of the APC/CFZR-1 complex. As a consequence, this will result 
in the degradation of unknown target(s) that determine one or another fate: DTC 




CDK activity, low FZR-1 activity). Encouragingly, it has been reported that the 
Wnt pathway represses cye-1 expression in Z1aa/Z4pp. However, Z1ap/Z4pa, 
in which the Wnt pathway is not activated, keeps high levels of CYE-1. 
Moreover, In cye-1 mutants or upon cye-1 RNAi, Z1ap/Z4pa, differentiate into 
DTCs instead of commit SS precursor fate. On the contrary, the ectopic 
expression of cye-1 leads to the absence of DTCs (Fujita et al., 2007). 
Altogether, these observations prompted us to think that the Wnt 
pathway could determine asymmetric levels of CYE-1 (and hence of CDK 
activity), which control APC/CFZR-1 activity. This will result in the distinct cell 
fates of the daughter cells arising from Z1a division. In this way, in Z1aa/Z4pp, 
which gives rise to DTCs, CYE-1 levels are kept low. Consequently, FZR-1 
would be active due to its hypophosphorylated state. APC/CFZR-1 would target 
for proteasomal degradation one or many repressors, activating the process of 
differentiation into DTCs. In Z1ap/Z4pa, which becomes SS precursors, CYE-1 
levels are high and FZR-1 hyperphosphorylated, switching off its activity.  
To test this hypothesis, we analyzed several predictions inferred from it. 
In the first place, as CYE-1 would act upstream of APC/CFZR-1, depletion of 
CYE-1 levels should not result in extra DTCs in fzr-1(sal19). We have RNAi 
cye-1 in fzr-1(sal19), and, according to our prediction, no effect was observed in 
the presence of an extra DTC number (Fig 3.40). In the second place, if CYE-1 
and APC/CFZR-1 were acting in the same pathway, depletion of CYE-1 levels 
and simultaneous induction of fzr-1(8A) should not increase the frequency of 
extra DTC production when compared with depletion of CYE-1 or induction of 
fzr-1(8A) separately. Figure 3.41 shows that when combined, silencing of cye-1 
and induction of fzr-18A, non-summatorial increase in the frequency of extra 





Figure 3.40. Depletion of CYE-1 levels does not restore DTCs production in fzr-1(sal19). After 
Z1a/Z4p divides, CYE-1 is distributed asymmetrically between distal and proximal daughter cells. Proximal 
Z1ap/Z4pa (SS precursor cells) receives higher doses of CYE-1 than distal Z1aa/Z4pp (DTCs). CYE-1 
behaves as a repressor of DTC fate commitment. Depletion of CYE-1 levels makes Z1ap/Z4pa 
differentiate into DTCs, instead of SS precursors, yielding extra DTCs. We analyzed if DTCs production 
could be restored in fzr-1(sal19) after lowering cye-1 expression. Experiments were carried out by 
silencing cye-1 following RNAi feeding method. For every dish, three to four fzr-1(sal19)/mIn1; lag-2p::GFP 
L4s were grown feeding on dsRNA producing bacteria and let them to produce progeny. DTCs from 
silenced F1 fzr-1(sal19); lag-2p::GFP   were counted using a dissecting scope. JK2049 was used as a 
control strain. Bars represent the mean of two independent experiments with three replicas each. Error 








Figure 3.41. Production of extra DTCs is not increased after simultaneous induction of fzr-1(8A) 
and depletion of CYE-1. A & B. For every dish, three to four fzr-1(sal19)/mIn1; fzr-1(8A)::rbz; lag-
2p::GFP L4s were grown feeding on dsRNA producing bacteria and let them to produce eggs, which were 
collected and synchronized. fzr-1(8A) expression was induced by growing synchronized L1s  in RNAi 
dishes supplied with 50 µM. DTCs from F1 were counted using a dissecting scope. In both experiments, 
columns represent the mean of two independent experiments with three replicas each. Error bars indicate 
SEM. For every replica, DTCs from n=40 worms were counted A. DTCs were counted in fzr-1(sal19); fzr-






























































Strict coordination between cell division and differentiation is required to 
develop an organism and tissue homeostasis, among others. Alterations in that 
coordination could give rise to illnesses such as cancer. Cell division, through 
the cell-cycle machinery, controls the activation of differentiation processes. 
Specifically, G1 phase offers an 'opportunity window' to commit a cell 
differentiation program. In this regard, regulators of G1/S play an essential role 
in modulating the connection between cell cycle and differentiation. Among the 
different G1/S regulators highlights the E3 ubiquitin ligase APC/C with its co-
activator Cdh1 (FZR-1 in C. elegans). Apart from its role in cell cycle, APC/CCdh1 
is gaining attention as a direct link between cell cycle and cell differentiation due 
to its ability to target directly factors implicated in differentiation. This thesis 
studied new roles of APC/CFZR-1 in germline and soma of the model organism 
Caenorhabditis elegans.  
4.1. APC/CFZR-1 targets Polycomb subunit MES-3 
Initial studies from our laboratory demonstrated that APC/CFZR-1 was 
involved in the control of the H3K36 methyltransferase MES-4 through its KEN 
box motif. MES-4 protein is expressed in distal and proximal regions in the 
germline, while its levels drop in early pachytene. The depletion of APC/CFZR-1 
activity or mutation of its KEN-box into triple alanine makes MES-4 protein 
present in the entire gonad, invading pachytene (Rivera-Martín S, 2018). Here, 
in this Thesis work, we uncovered that APC/CFZR-1 also targets MES-3. 
MES-3 is part of the Polycomb Repressive Complex 2 (PRC2) in C. 
elegans, although it is not present in other metazoan. PRC2 is an H3K27me2/3 
methyltransferase also composed in C. elegans by the catalytic subunit MES-2 
and accessory subunit MES-6, homologs of Drosophila E(Z) and ESC, 
respectively (Bender et al., 2004b). Immunostaining of MES-2 and MES-6 
showed that both proteins are present throughout the entire gonad (Holdeman 
et al., 1998). However, MES-3, like MES-4, was absent in early pachytene. 
Previous studies focused on MES-3 regulation in germline proposed that MES-3 




GLD-1, which binds to the 3’ UTR of mes-3 (Xu et al., 2001). Here we provide 
evidence that the absence of MES-3 along pachytene is a combined action of 
post-transcriptional regulation by GLD-1 and a post-translational control by 
APC/CFZR-1. We believe that degradation of MES-3 led by APC/CFZR-1 and 
inhibition by GLD-1 of mes-3 mRNA translation constitutes a double barrier that 
excludes MES-3 from pachytene. Disruption of either element of this barrier 
resulted in the invasion of pachytene by MES-3.  
4.2. Non-degradable MES-3(AAA) causes fertility defects 
that could come from the pachytene invasion of MES-3 
mes-3(AAA) suffers from fertility defects that could be explained, at least 
in part, by the presence of aberrant embryos within the uterus. We 
hypothesized that such defects arose from the pachytene invasion of MES-3, 
which is the most obvious difference observed when we compare the gonad 
distribution of a non-degradable and control MES-3::GFP fusions. We believe 
that because the role of PRC2 repressing transcription, this invasion could 
promote non-scheduled repression of genes. Because in early pachytene many 
genes required for oocyte and embryo development were transcribed, we 
propose that some of these genes were repressed and as a consequence 
oocytes or embryos were non-functional. 
The observation that the presence of a non-degradable allele of mes-4, 
which also invades the early pachytene region, suppresses these fertility 
defects supports our hypothesis. It has been proposed that one of the roles of 
MES-4 is to act as a barrier that limits the location of PCR2 to unscheduled loci. 
It may be well that in worms carrying the mes-3(AAA) allele alone, because the 
absence of MES-4 in early pachytene region, PRC2 invades ectopic regions. 
However, in worms carrying mes-3(AAA) and mes-4(AAA) alleles, the presence 
of MES-4 in early pachytene limits the ability of PRC2 to invade genomics 
regions. Under this point of view, one of the reasons why these chromatin 
regulators are controlled by APC/CFZR-1 could be related to the necessity to 
maintain a balance between the activities of PRC2 and MES-4, through 




We have tried to add further support to our hypothesis by promoting the 
invasion of early pachytene region by ways non-dependent on MES-3 
degradation by APC/CFZR-1. We have reasoned that if mes-3(AAA) fertility 
defects are originated by the pachytene invasion of MES-3, we would expect 
that pachytene invasion of MES-3 in mes-3::tbb-2 3’UTR mutants yield similar 
fertility defects. However, fertility levels of mes-3::tbb-2 3’UTR were close to 
wild-type fertility levels. Besides, we did not observe defective eggs. Although 
these could contradict our hypothesis, it is worth mentioning that under tbb-2 
3’UTR, the absolute levels of MES-3::GFP were lower than those from an allele 
carrying mes-3’ 3 UTR, and that it could be possible that the absolute levels of 
MES-3 in this case were too low for promote the above proposed unscheduled 
invasion of chromatin by PRC2. Supporting this idea, we have found that the 
mutant allele mes-3(AAA)::tbb-2 3’UTR was strongly alleviated in its fertility 
defects with respect to mes-3(AAA) allele. It will be necessary to repeat these 
experiments, choosing a heterologous 3'UTR (not targeted by GLD-1) but 
leading higher MES-3 levels expression. Alternatively, a more precise approach 
would be to mutate the predicted GLD-1 binding sites in mes-3’ 3 UTR. It is also 
possible that degradation of MES-3 trough APC/CFZR-1 constitutes the main 
regulation of mes-3 expression and translational repression of GLD-1 a 
secondary control. Future research will shed more light on this question. 
4.3. Fertility defects associated with mes-3(AAA) are 
independent of LIN-35 (DRM/DREAM complex) but 
partially rescued by lin-15b mutants 
The combined action of Polycomb and MES-4 is counteracted by LIN-
15B and the transcription factor DRM/DREAM complex, that includes: LIN-35 
(Rb), EFL-1/DPL-1(E2F/DP) heterodimer, and Multi-vulva class B core subunits 
LIN-9,-37,-52,-53 and-54 (Lee et al., 2017). DRM/DREAM and LIN-15B inhibit 
Polycomb and MES-4 in soma, preventing ectopic expression of germinal 
genes. On the contrary, the specification of the germinal identity of PGCs 
requires the repression of maternal DRM/DREAM and LIN15B to activate 
Polycomb and MES-4. In the germline, DRM/DREAM activity opposes MES-4 




and DRM/DREAM remain mostly unknown. We expected that fertility defects 
upon depletion of DRM/DREAM subunit LIN-35 were increased in lin-35; mes-
4(AAA) double mutants. However, the decay of fertility levels are the same for 
lin-35 and lin-35; mes-4(AAA). On the other hand, we observed that fertility 
defects in lin-35 and mes-3(AAA) were additive in lin-35; mes-3(AAA) and can 
be restored to those of lin-35 in lin-35; mes-3(AAA); mes-4(AAA) triple mutants. 
Moreover, the percentage of worms containing aberrant eggs in the different 
mutants does not correlate with fertility levels. Altogether, these results 
suggested that MES-3(AAA) and MES-4(AAA) are acting independently of 
DRM/DREAM (Tabuchi et al., 2014). Indeed, previous studies corroborate that 
in the germline, DPL-1, and EFL-1 act instead of LIN-35 (Chi & Reinke, 2006). It 
would be advisable to conduct new fertility assays substituting lin-35 by dpl-1 
and efl-1. 
We also carried out fertility assays for single mutant lin-15B in 
combination with mes-3(AAA) and mes-4(AAA). In every case, fertility levels are 
very close to those of lin-15B, although the levels of mes-3(AAA); mes-4(AAA); 
lin-15B triple mutants are lower than mes-4(AAA); lin-15B, which, in turn, are 
lower than mes-3(AAA); lin-15B. Strikingly, lin-15B significantly relieves fertility 
defects of mes-3(AAA). Moreover, the percentage of worms with defective eggs 
among these mutants highly matches with the fertility results. LIN-15B is 
associated with HMTs that repress gene expression through methylation of 
H3K9 (Rechtsteiner et al., 2019). In the germline, dimethylation of H3K9 is 
detected in the distal region and from late pachytene and depends on the HMT 
MET-2 (Bessler et al., 2010). The partial recovery of mes-3(AAA) fertility defects 
in mes-3(AAA); lin-15B could be explained by an overall reduction of H3K9me2 
in the germline. The classical steps towards repression of gene expression start 
with H3K27 methylation, a bivalent mark, and continued by H3K9 to achieve 
permanent and complete gene expression repression. In this regard, 
Polycomb's possible ectopic activity in pachytene led by MES-3(AAA) could be 
counteracted through depletion of LIN-15B and the concomitant reduction of 
H3K9 activity. At least, a partial recovery in fertility levels of mes-3(AAA) should 
be observed in mes-3(AAA); met-2 double mutants to support this hypothesis. 
On the other hand, the trimethylation of H3K9 is detected along the entire 




also capable of trimethylate H3K9 (Bessler et al., 2010). It is tempting to think 
that MES-3 could control the triH3K9 activity of Polycomb. Chromatin analysis 
of H3K27 and H3K9 methylation mark in mes-3(AAA) will yield useful 
information in this regard. 
4.4. Loss-of-function of fzr-1 affects germline development 
only in hermaphrodites 
Severe loss of function mutants of APC/C core subunits leads to a one-
cell stage arrested embryos, masking the study of the roles played by APC/C 
during post-embryonic development. The use of thermosensitive mutants 
bypassed that restriction, unveiling the processes in which APC/C takes part 
along larval development. APC/C mutants that scape from embryonic arrest 
features uncoordinated movement, protruding/everted vulva, defective male tail, 
and sterility. These phenotypes are explained by defects in the ventral nerve 
cord, vulva, rays development, and gonads, respectively. After hatching, waves 
of mitotic divisions occur in those organs, which are deprived of maternal doses 
of the particular APC/C subunit. Consequently, cells cease division and yield 
aberrant organs (Furuta et al., 2000, Golden et al., 2000, Shakes et al., 2003). 
Nonetheless, if APC/C affects organ development through the cell cycle and/or 
differentiation remains elusive. 
We have obtained a complete loss-of-function allele of fzr-1, fzr-1(sal19). 
Homozygous fzr-1(sal19) suffer the same developmental defects than mutants 
in other subunits of APC/C: unc mobility, everted vulva, male tail without rays, 
and sterility. Homozygous fzr-1(sal19) are M+Z-, since they come from 
heterozygous mothers fzr-1(sal19)/mIn1. We thought that maternal load would 
help homozygous fzr-1(sal19) to scape possible embryo arrest. However, the 
maternal load of fzr-1 could not be necessary to reach adulthood, as 
microinjection of fzr-1 RNAi yields F1 progeny (M-Z-) that develop into sterile 
adults (Fay et al., 2002). It could not be discarded that minimal doses of fzr-1 
mRNA or FZR-1 remain and are enough to circumvent possible arrest during 
development. It is noteworthy that mutants fzr-1(ku298) and fzr-1(ok380) 
develop as wild-type, suggesting that even low activity of APC/CFZR-1 allows 




Sterility defects of fzr-1(sal19) are explained, in part, by malformed 
gonads that do not elongate, as previously reported after microinjection of fzr-1 
RNAi (Fay et al., 2002). We determined that aberrant gonads in fzr-1(sal19) 
stem from the somatic gonad's developmental failures. Specifically, fzr-1(sal19) 
lacks DTCs, the stem-cell niche that controls germline growth and maintenance. 
Only a low percentage of cases, fzr-1(sal19) can generate DTCs. When 
produced, these DTCs fulfill the two essential functions attributed to DTCs: 
leading of gonadal elongation and maintaining of germ cell pools. The resulting 
elongated germlines indicate that APC/CFZR-1 is not necessary for the division of 
germ cells. 
Nonetheless, APC/C is necessary for germ cell division and 
maintenance, since mutants in core APC/C subunits cause that germ cells to 
stop to divide prematurely. Accordingly, to previous reports, APC/C with its co-
activator FZY-1 (Cdc20) is necessary for proper germ cell division (Kitagawa et 
al., 2002). However, fzr-1(sal19) germlines are sterile. In best cases, they 
produced few aberrant eggs that never hatch nor were expelled. These aberrant 
eggs could stem from defects in the proximal somatic gonad (proximal sheath-
cells, spermatheca, and/or uterus), from an essential role of FZR-1 during early 
embryogenesis, or a combination of both. 
On the other hand, fzr-1(sal19) males are also sterile despite that they 
always develop an extended J-shaped gonad. We do not know whether sterility 
of males arises from defects in germline and/or alterations in mating behavior. 
The reasons for sterility in hermaphrodites and males will be a matter of future 
research.  
4.5. APC/CFZR-1 determines DTC identity in hermaphrodites 
We mainly focused on the role played by APC/CFZR-1 during the 
production of DTCs. We first ruled out that ‘DTCs missing phenotype’ was a 
consequence of defects in SGP (Z1/4), the somatic gonad's founder cells. Each 
SGP gives rise to one DTC and the rest of the cell types of the somatic gonad. 
It has been reported that alterations in SGP number and position lead to a lack 
of DTCs (Large & Mathies, 2014, Mathies et al., 2003). fzr-1(sal19) always 




The distinct descendants from SGP are determined by non-canonical 
Wnt pathway, which is the main pathway involved in cell lineage determination 
within somatic gonad through asymmetric division. Wnt activation promotes the 
specification of distal cells. Defective mutants in Wnt signaling lack DTCs but 
produce supernumerary proximal cells, i.e., ACs (Chang et al., 2005).  
In Drosophila APC/CFzr modulates the Wg pathway (Wnt pathway) 
through degradation of Nek2, which represses Wg signaling. Thus, the 
depletion of Drosophila APC/CFzr resulted in an overactivation of the Wg 
pathway (Martins et al., 2017). If this kind of relationship is conserved in C. 
elegans, we would expect just the opposite result, because over-activation of 
Wnt signaling yields excess of DTCs at the expense of AC (Asahina et al., 
2006). A series of indirect evidence suggested that APC/CFZR-1 was not 
affecting Wnt signaling in somatic gonad: more than one AC is never detected, 
male somatic gonad in fzr-1(sal19) does not suffer cell lineage alterations and 
seam cells, which requires Wnt signaling, are properly form in fzr-1(sal19). 
However, we cannot rule out that the Wnt pathway was explicitly affected in the 
distal cell lineages within somatic gonad.  
An alternative explanation for the role of FZR-1 in DTC determination is 
that APC/ CFZR-1 was necessary during early somatic gonad development for 
the strict control between cell cycle and differentiation occurring during the 
development of any organ. It has been reported that G1/S-cell-cycle regulators 
are essential to coordinate division and differentiation. The depletion of cell-
cycle regulators CYD-1, CYE-1, and CKI-1 modifies the final number of DTCs. 
Such modification in DTC number is mostly explained by cell lineage 
alterations, although cell cycle abnormalities also occur, especially for CKI-1. At 
the molecular level, the connection between cell cycle and differentiation in the 
somatic gonad is through non-canonical Wnt pathway: CYD-1 controls non-
canonical Wnt pathway, which in turn inhibits CYE-1 (see the introduction for 
further detail)(Fujita et al., 2007, Kostić et al., 2003, Tilmann & Kimble, 2005).  
Our results indicate that APC/CFZR-1 could act more specifically during 
DTC determination. Fine tunning of a bipartite system to track Z1aa/Z4pp 
shows that these cells, which generally commit to DTC, differentiate instead into 
spermatheca and sheath cell-like fates fzr-1(sal19). As both fates derive from 




over the default SS precursor fate. This prompted us to think that by blocking 
SS precursor fate acquisition, DTC's production would be recovered in fzr-
1(sal19). However, little is known about factors implicated in SS fate acquisition. 
We tried to silence xpn-1, a factor implicated in sheath and spermatheca cell 
production (Bender et al., 2004a), but DTCs were not reestablished.  
We were able to restore DTC production in fzr-1(sal19) after adapting the 
bipartite Z1aa/Z4pp tracking system to express fzr-1 specifically. This result 
further confirms that APC/CFZR-1 behaves as a factor that determines DTC fate 
commitment.  
We explored in more detail the new role of APC/CFZR-1 in DTC fate 
commitment by considering APC/CFZR-1 as a DTC inductor. We showed that 
forced expression of fzr-1 using a transgene is not enough to induce that other 
cells of the somatic gonad commit a DTC fate. Under this framework, we 
speculated that only a constitutively active version of FZR-1 should render extra 
DTCs. FZR-1 is inhibited through CDK-mediated phosphorylation. We designed 
a putative phospho-null version of FZR-1, FZR-1(8A) (The et al., 2015). In vivo 
experiments conducted in mice reported that a putative phospho-null version of 
Cdh1 does not affect somatic tissues (Tanno et al., 2020). We have not 
detected significant defects either in  FZR-1(8A) induced worms. According to 
our predictions, FZR-1(8A)  yielded extra DTCs. We support the notion that 
ectopic DTCs could proceed from Z1ap/Z4pa, DTCs sisters, that usually commit 
the SS precursor destiny. Several results support this hypothesis. First, extra 
DTCs do not come from the division of pre-existing DTCs. Second, after 
induction of fzr-1(8A) no more than four DTCs were observed per worm. Third, 
it is demonstrated that the depletion of cye-1 levels renders extra DTCs that 
come from Z1ap/Z4pa. After the silencing of cye-1 and simultaneous induction 
of fzr-1(8A), no augment was observed in the frequency of extra DTCs and 
number, which never exceeded four. Moreover, the silencing of cye-1 does not 
rescue DTC production in fzr-1(sal19). It is demonstrated that FZR-1 is 
phosphorylated and inhibited by G1 CYD/CDK-4/6. Nonetheless, G1/S CYE-
1/CDK-2 could also be participating in FZR-1 inhibition(The et al., 2015) cyd-1 
and cye-1 mutants behave on the contrary way regarding DTC production. cyd-
1 mutants miss DTCs while cye-1 produces ectopic DTCs. It is logical to think 




1/CDK-2 because depletion of APC/CFZR-1 activity should yield the opposite 
result the corresponding(Fujita et al., 2007).  
Altogether, we propose a working model (Fig 4.1) in which the Wnt 
pathway, through the asymmetric distribution of CYE-1 between Z1aa/Z4pp and 
Z1ap/Z4pa, controls APC/CFZR-1 activity. In the case of Z1aa/Z4pp, which 
receive lower doses of CYE-1, FZR-1 would be hypophosphorylated and active, 
forcing Z1aa/Z4pp to commit the DTC fate. On the other hand, Z1ap/Z4pa 
contains higher concentrations of CYE-1, which switch off APC/CFZR-1, allowing 
Z1ap/Z4pa to become SS precursor cells. Finally, APC/CFZR-1 must target one 
or several repressors in order to activate DTC fate commitment. We highlight 
from this model the role of APC/CFZR-1 favoring DTC fate acquisition over SS 
precursor fate, which is the default destiny when FZR-1 is absent. Strikingly, the 
fate choice decision DTC-SS in few occasions, leans in favor of DTC 
commitment in fzr-1(sal19). This stochastic variance could be explained by the 
fortuitous lower presence of repressor/s in Z1aa/Z4pp that would be degraded 
by APC/CFZR-1 or by lower doses FZR-1 that are still present. APC/CFZR-1 has 
always been reported opposing G1/S transition in many organs but has never 
been directly implicated in differentiation processes. To give some examples, on 
one side, the transcription factor BRO-1/CBFβ is necessary for seam cell fate 
commitment and division. 
Along with larvae development, seam cells divide asymmetrically, giving 
an anterior daughter cell that differentiates into neuron or hyp cell and a 
posterior daughter cell that retains the seam fate. bro-1 mutants have fewer 
seam cells, whose production is rescued in bro-1; lin-35 or bro-1; fzr-1 double 
mutants (Xia et al., 2007). Another example comes from spermatheca, where 
nuclear receptor NHR-6/NR4A represses the expression of fzr-1 and lin-35, 
activating the division of spermatheca cells (Praslicka & Gissendanner, 2015). 
Nonetheless, we cannot discard that DTC-SS lineage alterations produced in 
fzr-1(sal19) are entirely independent of cell-cycle defects. The same could 
happen for ectopic DTCs produced in fzr-1(8A). 
During cell differentiation, the induction of expression of new proteins is 
as essential as protein degradation. In this regard, ubiquitin ligases play an 
essential role during fate specification. It is known for C.elegans that E3 




Determination of MS (mesoderm) fate after the division of EMS 
(endomesoderm) is driven by E3 ubiquitin ligases CRL1/SCFLIN-23, 
CRL1/SCFFBXB-3, and CRL2/SCFZYG-11, which trigger the elimination of 
transcription factor SKN-1 through targeting OMA-1. Mutants in these E3 
ubiquitin ligases keep high levels of SKN-1, which causes a reiteration of EMS 
fate instead of differentiating into MS (Du et al., 2015). We speculated that 
APC/CFZR-1 would play a similar role during DTC specification. Among the 
possible targets, we firstly focused on chromatin regulators, because epigenetic 
modifications are needed for a cell to differentiate and because we 
demonstrated that APC/CFZR-1 is capable of degrading HMT MES-4 and 
Polycomb subunit MES-3. We think that APC/CFZR-1 has to degrade some 
repressor/s to activate DTC fate acquisition. We silenced diverse histone 
methyltransferases and demethylases containing KEN and/or D-boxes or 
whose presence has been reported in the somatic gonad. After depletion of 




Figure 4.1. Working model depicting the role played by APCFZR-1 in the production of the DTC. 
Interestingly, it has been reported that met-2 mutants display an ectopic 
activation of lag-2p::GFP transgene (Andersen & Horvitz, 2007). On the 




H3K4 methylation drastically eliminates DTC production in fzr-1(sal19). In 
heterozygous mIn1/fzr-1(sal19), which behave as wild-type, silencing of met-2, 
spr-5, or wdr-5.1 does not alter DTC's number, indicating that only modify the 
final number of DTC in combination with fzr-1(sl19). 
4.6. Role of APC/CFZR-1 in mDTC in C. elegans production 
and DTCs in related nematodes 
Curiously, the role of APC/CFZR-1 determining DTC fate can only be 
applied to hermaphrodites, since fzr-1(sal19) males always produce mDTC. The 
sex-specific requirement of APC/CFZR-1 could be explained by attending the 
more complex origin and nature of hDTCs. In hermaphrodites, two consecutive 
divisions from Z1/Z4 give rise to DTCs, while mDTC originate from a single 
division of Z1/Z4. Regarding their cell biology, hDTC are more giant cells that 
extend long processes and serve as a stem-cell niche and leading cell. On the 
other side, mDTCs only behave as a stem-cell niche. Taken together, 
specification of hDTC could be more complicated than mDTC, requiring that 
APC/CFZR-1 target one or several factors absent during mDTC genesis. It is also 
possible that low maternal doses of FZR-1 are enough to produce mDTC.  
It would be interesting to explore the role played by APC/CFZR-1 in the 
production of DTC in different nematodes. The gonadal structure is highly 
variable among nematodes related to C. elegans. Generally, there are two 
classes of nematodes regarding gonadal structure: didelphic species, which 
contain two symmetrical gonadal arms, such as hermaphrodites of C. elegans, 
and monodelphic species, which only develop one anterior gonadal arm, or in 
best cases, a reminiscent of a posterior second gonadal arm. To get this 
morphological variety of gonads, evolution has altered the features and final 
destiny of cells that constitute somatic gonad. DTC has been subjected to a 
high degree of evolution. In monodelphic species, anterior DTC (Z1aa) is 
produced. However, cells that give rise to posterior DTC could suffer a different 
outcome. In some nematodes, posterior DTC is produced, but its leader 
function is weaker. In other species, DTC is produced but soon after disappear 
due to cell death. Finally, other monodelphic nematodes never yield a posterior 












































































1. Polycomb subunit MES-3 is a direct target of APC/CFZR-1 through its KEN 
box.  
2. Post-transcriptional repression by GLD-1 in combination with protein 
degradation mediated by APC/CFZR-1 explains the MES-3 pattern in the 
germline, i.e., lowering MES-3 levels in pachytene. 
3. Non-degradation of MES-3, through mutation of its KEN box, leads to 
fertility defects. Histone methyltransferase MES-4, previously described 
as a target of APC/CFZR-1, is necessary to counteract those fertility 
defects from the ectopic expression of MES-3. In this regard, APC/CFZR-1 
helps maintain the appropriate balance between MES-4 and MES-3.  
4. The null allele fzr-1(sal19) leads to sterility. APC/CFZR-1 is essential for 
developing hermaphrodite gonad, as fzr-1(sal19) mutants fail to extend 
gonadal arms. However, fzr-1(sal19) males always produce an extended 
gonad, indicating that APC/CFZR-1 plays a minor role during male gonad 
development.   
5. Defects of hermaphrodite fzr-1(sal19) gonads are mainly attributed to the 
absence of the Distal Tip Cell (DTC), the stem-cell niche that maintains a 
pool of germ cells and leads to gonadal outgrowth.  
6. The primordial germ cells (Z2 and Z3) and the somatic gonad precursors 
(Z1 and Z4) are produced in fzr-1(sal19), indicating that absence of 
DTCs stems from alterations during early somatic gonad development. 
7. DTC specification mainly depends on the non-canonical Wnt pathway. 
Indirect evidences suggest that the Wnt pathway is not altered in fzr-
1(sal19).  
8. APC/CFZR-1 promotes DTC fate acquisition. In fzr-1(sal19), the cells that 
differentiate into DTC, Z1aa/Z4pp, presumably commit the SS precursor 
fate. On the other hand, ectopic induction of a putative phospho-null 
version of fzr-1, which should render a constitutively active fzr-1, yields 
extra DTCs. Most probably, extra DTCs come from other cells that 





























































6.1. Hypomorphic alleles of fzr-1 
The studies about the functionality of FZR-1 in C. elegans have been 
hampered by the absence of a complete loss-of-function allele. There are two 
available alleles in the Caenorhabditis Genetic Center. The first of them, fzr-
1(ku298), consisted of nucleotide substitution (G→A), resulting in the 
replacement of a conserved cysteine in the WD40-repeat domain with a 
tyrosine (C526Y) (Fig. I). The second allele is fzr-1 (ok380), which contains a 
premature stop codon that generates a truncated version of the protein without 
the WD-40-repeat domain (Fig. I). In both cases, homozygous worms for these 
alleles seem healthy and fertile. The only additional phenotype reported for fzr-
1(ku298) was a synthetic interaction with lin35 (n745), resulting in sterility (Fay 
et al., 2002). We have observed that in fzr-1(ku298) worms, GFP fusions of 
MES-4 invade the pachytene region. However, no pachytene invasion was 
observed in fzr-1 (ok380) worms carrying the same GFP fusions (Fig 2). 
In summary, these results suggested that both alleles were hypomorphic. 
We discarded the alternative explanation that FZR-1 has a minor role in C. 
elegans because the microinjection of fzr-1 dsRNA into germlines leads to 
sterile progeny (Fay et al., 2002).  
 
Figure I. Hypomorphic alleles of fzr-1, fzr-1(ku298) and fzr-1(ok380), available on Caenorhabiditis 















Figure II. fzr-1(ok380) constitutes a hypomorphic allele of fzr-1 that retains enough activity to 
degrade MES-4. A. (Upper image) In control germlines, MES-4 is present in distal and proximal germline. 
(Lower image) DAPI-stained gonad. B. (Upper image) In fzr-1(ok380) background, MES-4::GFP displays 
the same pattern of expression than control germlines. (Lower image) DAPI-stained gonad. Scale bar: 50 
µm. 




Figure III. Adaptation of the bipartite transgenic system to mark different somatic gonad cells. A. 
Under promoter of ceh-22, Cherry is expressed in every cell of somatic gonad since the promoter is 
activated in Z1/4. B. Promoter of lin-32 leads Cherry expression in DTCs, sheath and spermatheca cells, 







6.3. Effects of chromatin regulators in the production of DTCs 
in fzr-1(sal19) 
	  
Figure IV. Chromatin regulators affect production of DTC in fzr-1(sal19). Diverse chromatin regulators 
were silenced by RNAi feeding method. 3-4 fzr-1(sal19)/mIn1 L4s (P0) were grown on RNAi producing 
bacteria. DTCs per worm were counted for F1 progeny fzr-1(sal19)/mIn1 (A) and fzr-1(sal19) (B).  
Experiments were conducted at 20ºC. (A) Production of DTCs in F1 progeny fzr-1(sal19)/mIn1 was not 
altered in any of these silences. (B) A slight increase in DTC production was observed for F1 fzr-1(sal19) 
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